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ABSTRACT 
The thesis reports on Submerged Aerated Filter (SAP) as a tertiary treatment for 
carbonaceous removal and nitrification. SAFs are relatively new in wastewater treatment 
and used where available space is limited and any odour must be avoided. They are 
common as additional or an add on treatment step to meet new standards. 
Further development of SAF is needed. Most literature is commercial and further 
academic studies are necessary. This research investigates the possibility of using natural 
wool fleece as a SAF biosupport media. Most existing plants use sand or plastic. It was 
hypothesized that wool fleece would have some potentially desirable effluent treatment 
properties. These were their hydrophobic characteristics, natural and sustainable origin 
and a fibrous expanded format. Wool is also a cheap, easily available material. This 
project is an experimental study to determine whether a filter packed with wool could 
have a better performance than a standard plastic media to treat municipal pollutants. 
The results showed the wool packed reactor was able to perform slightly but consistently 
better than a standard commercial media (removing 94%, 99% and 97% compared to 
93%, 98.7% and 88% for TOC, ammonia and solids, respectively) at a typical tertiary 
treatment load of 0.11 kgTOC/m3.d. The systems were shown to have good resistance to 
shock loads (doubling of hydraulic load from a steady state of 22 hours and organic load 
to 0.22 kgTOC/m3.d with normal HRT). Recovery was within 72 hrs after the hydraulic 
shock and 4 days after the organic shock although the shock was applied 7 days to 
observe the effect on microbial growth. The wool packed reactor again performed slightly 
better with these shock load experiments than the commercial plastic packing. The 
slightly better hydrodynamics of the wool packed reactor were thought to be responsible 
for this better performance. 
The ability to treat municipal wastewater contaminated by refractory organics (Endocrine 
Disrupting Chemicals) was researched and the wool reactor showed better removal of 
these model compounds. The removal followed the pattern expected based on the 
reported partition coefficients. 
The adsorption characteristics of wool could gIve a longer retention time for these 
refractory pollutants in reactors and allow microorganisms to acc1imate to these materials 
so that the reactor has better performance for difficult pollutant removal. The media was 
also shown to be sacrificial avoiding blockage problems. These could make wool and 
other biodegradable materials more suitable as filter media for effiuent treatment 
compared to the current less sustainable alternatives. 
Key words: submerged aerated filter, wool, hydrodynamics, hydraulic retention time, 
shock load, oestrogen removal 
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Chapter I: Introduction 
CHAPTER 
1 
INTRODUCTION 
About 70,000 different synthetic chemical substances are in regular use and each year 
around 1,000 new compounds are introduced. Many of them could find their way into 
rivers, lakes, and groundwater. In the US alone, more than 700 chemicals have been 
detected in drinking water, 129 chemicals are listed as hazardous priority substances. In 
addition, a number of them are also persistent organic pollutants (POPs), which include 
halogenated hydrocarbons, dioxins, endocrine disrupting chemicals (EDCs) and 
organochlorines such as DDT (Dichloro-Diphenyl-Trichloroethane). They are long-lived 
in the environment and do not break down easily under natural processes and thus tend to 
accumulate up the biological food chain, until they pose risks to human health 
(Population Reports, 1998). 
To improve the understanding of environmental fate and persistence, some physical and 
chemical methods including adsorption, coagulation, precipitation, filtration, and 
oxidation have been used for the treatment of contaminated waters and wastewater. 
However, these methods may produce large amounts of byproducts such as sludge, or 
cause secondary pollution and have poor sustainability because of excessive chemical 
usage and expensive power costs. Therefore, bio-degradation has traditionally been 
preferred to be developed to meet economical, environmental and public need (Hao et al., 
2000). 
Biological processes are the most common methods for wastewater treatment to remove 
organic matter and nutrients. There are 7,000 sewage treatment plants in the UK. 
According to their microbial environments, they can be classed into aerobic or anaerobic 
biological processes. In aerobic process, suspended and attached biofilms are the two 
1 
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major types, but hybrid combinations are also possible. Linked to increased demand, 
requirement for better effluent standards and changes in the way the water industry is 
financed means that the costs and availability of land are becoming a limiting factor. 
"Footprint size" is increasingly becoming important in the choice of a treatment system as 
it strongly influences capital cost. 
One of the new technologies developed recently is membrane biological reactors (MBR) 
which combines activated sludge treatment with a membrane liquid-solid separation 
process. The membrane component utilizes low pressure micro filtration or ultra filtration 
membranes and eliminates the need for clarification and tertiary filtration. The technology 
permits bioreactor operation with considerably higher mixed liquor suspended solids 
(MLSS) in the range of 8,000-12,000 mglL concentration than conventional activated 
sludge (AS) systems in the range of 2,000-3,000 mglL. The elevated biomass 
concentration in the membrane bioreactor process allows for very effective removal of 
both soluble and particulate biodegradable materials at higher loading rates, but also 
ensures higher sludge retention times (SRTs)-usually exceeding 15 days-which is the 
key for complete nitrification and removal of some refractory organics (Yeom et al., 
1999). However, the cost of building and operating a MBR is usually higher than 
conventional wastewater treatment. The cost of membranes is very expensive and the 
membrane is easily fouled and clogged due to its fine pore structure. The drawbacks of 
MBR make it unsuitable for usual application (Yeom et al., 1999; Choi et aI., 2006; 
Leiknes and 0degaard, 2007). 
There are alternatives and several researchers (Morper and Wildmoser, 1990; Condern et 
al., 1993) have studied combinations of fixed-film and freely suspended biomass for 
upgrading activated sludge systems in municipal wastewater treatment plant. Some of 
these combination or hybrid fixed-film reactors with higher removal efficiency have been 
developed for small plants because their areas or "footprints" are smaller in size than 
suspended-growth units for the same treatment efficiency. The high retention time of the 
biomass within the fixed-film reactor reduces sludge yield, increases process stability and 
resistance to repetitive shock loads (Iou and Huang, 2003). 
A high growth rate of microbes is not required to maintain high biomass concentrations 
within the fixed-film reactor since items are retained, which results in more endogenic 
respiration and therefore less sludge fonnation. Immobilization ofbiofilm can also retain 
2 
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the activities of slow growing microbes such as nitrifYing and recalcitrant degrading 
bacteria. Fixed-film bioreactor technology has always been popular particularly at the 
small to medium size as more than 70% of sewage treatment plants in the UK are fixed-
film (Pearce and Williams 1999; Huo and Hickley, 2006). 
The further development ofbiofilm reactors is an attractive technology ifthe footprint can 
be controlled since this immobilization favours high biomass concentrations, long sludge 
ages, better treatment of refractory materials and lower power consumption. The main 
advantages ofbiofilm reactors are listed in Table 1-1. 
Table 1-1 The advantage ofbiofilm reactor and references 
Advantage References 
Effective control ofbiofilm thickness by moderate Oga et aI, 1991 
shear stress Jou and Huang, 2003 
High biomass concentrations by using the media of Mara and Horan, 2003 
high specific surface area Lazarova and Manem, 1994 
High solid retention time for slow growing Jou and Huang, 2003 biomass 
Thin biofilm and better mass transfer efficiency Lazarova and Manem, 1994 
Biochemical reactions accelerated by better phase 
mixing and mass transfer due to: fewer limitations 
of external liquid I biofilm surface diffusion, high Lazarova and Manem, 1994 
transfer coefficients, removal of internal diffusion 
limitations in the biofilm. 
Greater resistance to organic shock loads and Jou and Huang, 2003 
toxins, hydraulic load or temperature changes. Lazarova and Manem, 1994 
Lower sludge production Carri6n et al., 2003 
Fixed film bioreactors need a support media for biomass attachment. The media may be 
stationary or rotating, floating or sunken, submerged or partially submerged in the 
wastewater. The most common and traditional fixed film reactor is the trickling filter but 
this is now an uncompetitive process (approximately 0.1 kgBOD/m3/day) because of their 
size. More recently, variant fixed-film bioreactors have been studied. Among them, the 
rotating biological contactor (RBC), the biological aerated filter (BAF) and submerged 
aerated filter (SAF). BAFs and SAFs are the focus of this project. 
As a type of fixed film reactor, the submerged aerated filters have attracted much interest 
recently because of their potential for high loads combined with small footprint size, easy 
3 
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operation and low sludge production (Carrion et al., 2003). SAFs are receiving increasing 
attention in the UK for wastewater treatment where available space is limited and the 
influence of odour is particularly sensitive. 
SAF is an aerated vessel containing a packed bed which provides a surface for the growth 
of a microbial biofilm. The packed bed may be randomly dispersed support particles or be 
structured but aims to provide an open matrix in which the rate of biofilm accumulation 
can be controlled through the turbulence but retains a high mass transfer efficiency per 
unit volume. The SAF is defined and differentiated from BAFs because it is used without 
the application of air scour or backwashing to remove biomass (Ruston, 1984). This 
definition is used in this thesis. As microorganisms are immobilised, the reactor can like 
other fixed-film reactors maintain a high biomass concentration of slow-growth 
microorganisms without the need for sludge recycling. Unlike BAF, suspended solids in 
SAF effluent are removed with the final settlement. 
Early SAFs were downflow, but more upflow SAFs have been developed to improve the 
oxygen transfer efficiency in recent years. A potential problem with the SAF with sunken 
media is channelling and clogging of media which occur and reduce the efficiency. These 
drawbacks and increased focus on discharges of nitrogen and phosphorus have stimulated 
the development of SAFs with floating media. Meaney and Strickland in 1994 described 
an up-flow SAF using plastic media with a density close to that of water for organic and 
nutrient removal. At present, most applications of SAFs have been on small scale works 
serving up to 5,000 population equivalent. SAFs have been used not only as secondary 
treatment systems, but also for tertiary treatment. This is application reported in this thesis 
for the removal of POPs. At larger works, the possibility of achieving carbon oxidation 
with nitrification / denitrification in the same reactor is a major reason for their increasing 
usage (Peladan et al., 1996; Puznava et al., 2001). Further developments of SAF are to 
improve their loading rates in more compact filters, to achieve nitrification / 
denitrification within the same biofilter and to gain 1?etter media for operation and cost 
reductions (Peladan et aI., 1997; puznava et al., 2001). The following advantages have 
been noted for SAFs: 
I) Good removal efficiency (organics and nutrients) through a great diversity of 
fixed biomass and no clogging problem (Chaudhry and Beg, 1998; Carrion et aI., 
2003; Mara and Horan, 2003); 
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2) Reduced sludge production compared with activated sludge, the absence of sludge 
recycling, ease of management and fewer personnel are required (Carrion et al., 
2003); 
3) Reduced headloss compared to activated sludge process resulting in low energy 
consumption and lower operating costs related to organic removal (Robinson et 
al., 1994); 
4) Lower volume and easy installation offering possibility of prefabrication 
(Andrettola,2003); 
5) Self-control ofbiofilm thickness because biofilm thickness is a correlated to mass 
transfer (Lazarova and Manem, 1994). 
In addition, the compactness of layout and reduced noise and odour make SAF ideal for 
consideration on those sites where environmental issues are of a greater concern or where 
the plant is to be enclosed. 
The main disadvantages of SAF compared to activated sludge and trickling filter are 
complex aeration devices, flow distribution (Sutlon and Mishra,1990) and the physical 
properties of the medium (density of the virgin media and the specific surface area). 
Further reactor design and optimization of additional academic rather than commercial 
studies are needed. The literature review showed many materials have been developed as 
media for bioreactors, these were special minerals, plastic, sand and waste. This research 
investigates natural materials and uniquely waste wool fleece, which it was hypothesized 
may have some potentially desirable effluent treatment properties. These are their 
hydrophobic characteristics, natural origin and a fibrous expanded format. Wool is also a 
cheap, easily available material. The adsorption characteristics of wool could make 
pollutants have longer retention time in reactors and allow microorganisms to acclimate 
to refractory organics so that the reactor has better performance on pollutant removal. 
This could make them a suitable filter media for effluent treatment compared to the 
current less sustainable alternatives. The media could also be sacrificial avoiding 
blockage problems. This project is an experimental study on whether a biofilter packed 
with wool could have better performance to treat common and refractory pollutants. 
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CHAPTER 
2 
RESEARCH OBJECTIVES 
The project was an experimental investigation of the characteristics of wool fibre, as a 
new media employed in a submerged aerated filter (SAF) for wastewater treatment. Key 
objectives were characterisation of the hydrodynamic perfol1llance of the wool fibre 
filters, the ageing characteristics, the efficiency of removal of standard pollutants, carbon 
and nitrogen, and the effect of media properties on the removal of model refractory 
pollutants. The lab-scale experiments were carried out under well-controlled conditions, 
with a synthetic sewage wastewater using the design and operational parameters similar 
to the full-scale SAF. The influence of previous work is covered in the next section. More 
details of these four obj ectives and what was to be achieved was as following: 
1) To identify flow patterns in bioreactor filters packed with wool fibre materials 
using tracer study experiments. 
Experiments were to be designed to observe the influence of the wool fleece on the 
hydrodynamics of the SAF. Hydrodynamics are critical to bioreactor perfol1llance 
affecting mass transfer pattern and reaction kinetics. It is consequently helpful to 
understand the perfol1llance of the treatment process. The real flow pattern of reactors 
was shown by the literature survey to be important infol1llation to model adsorption 
removal rates and to scale-up reactors. In real operation, the flow patterns were shown to 
be complex because the reactor includes the presence of several phases: wastewater, gas 
(air, COz, CH4 or Nz) and biomass, which is generally the case ofSAFs. 
Tracer studies were conducted to study diffusion phenomena with lithium chloride as the 
tracer. Lithium chloride diffuses easily in wool because it is totally soluble, has a very 
small molecule (MW=42.40) and is able to move freely in the filter media although 
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possibly adsorbed by wool. Experiments carried out were to investigate the behaviour of 
tracers with respect to media type, aeration and biofilm thickness. From the limited 
number of tracer studies which it was possible to perform, some significant qualitative 
inferences could be drawn from the data relating operational parameters to the degree of 
mixing in the reactor. Exit age distribution curves of effluent tracer concentrations with 
time were drawn for each study. These so called C curves were normalised to enable 
comparisons to be made among studies with different retention times. 
2) To investigate the ageing characteristics ofthe wool fibre material. 
Wool fleece is a natural fabric, which will be biodegraded or deteriorate with time when 
submerged in a microbial culture water. In order to study the durability of the wet wool 
fleece, the new wool was added into the operating SAF and the filter was continuously 
fed with synthetic sewage to test how long it would take the wool filter to be degraded. 
The literature review was inclusive concerning the rate of biodegradation. Biofilm 
attached to the wool could accelerate the collapse and deterioration. Scanning Electron 
Microscopy (SEM) was used to study the damage to the wool. During the wastewater 
treatment, the samples of wool and effluent were taken at regular time intervals. After the 
pre-treatment, the samples were analyzed by SEM and optical microscope. 
3) To compare wool fleece with other media for pollutant removal 
Removal efficiency is critical to secondary wastewater treatment process. As a new media 
for wastewater treatment, wool fleece has some potentially desirable treatment properties, 
like hydrophobic characteristics, natural origin and a fibrous expanded format. These may 
make it a more suitable as a filter media for future effluent treatment compared to the 
current less sustainable alternatives. 
The combination of hydrophobic and hydrophilic adsorption sites on wool fibre could 
help the remove of high molecular weight but dissolved or small particulate residual and 
persistent organic materials from waste waters. The adsorption characteristics of wool 
could retain the refractory materials for long enough for the microorganisms to acclimate 
and degrade these refractory organics so that the reactor performance for organic removal 
improves. The current technologies (ozone, membranes and activated carbon) for 
removing the common refractory organics (hydrocarbon fuels, pesticides, dyes and 
pharmaceuticals, EDCs) at the low concentrations found in effluents are energy and cost 
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intensive. Enhanced reactors packed with wool may avoid these drawbacks. The 
oestrogen removal performance by the SAFs was investigated in this study based on the 
understanding of the oestrogen removal mechanics and other treatment methods used for 
oestrogen removal, previously published. 
4) To measure the impact of hydraulic and organic shock, both transient and long-
term, on the performance of SAF. 
Hydraulic and organic loads are the most important parameters affecting the performance 
of bioreactors. Due to the diurnal, and seasonal variation, transient and longer-term 
shocks (both hydraulic and organic) are nonnal at a municipal wastewater treatment plant 
(WWTP). In addition, the proper design and scale-up of aerobic reactors requires 
knowledge regarding correlations between reactor configuration and process efficiency to 
set the limits for the biochemical operating parameters. In terms of organic matter 
degradation, process operation and control are dependent on establishing an important 
operating conditions, i.e. the reactor's tolerance to fluctuations in influent organic matter 
concentration. Thus the performance of SAFs subject to shocks needed to be investigated 
in order to evaluate its application in scaled-up sewage treatment. This investigation was 
conducted by monitoring the key intermediates of activity during these types of shock 
loads. 
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CHAPTER 
3 
LITERATURE REVIEW 
This chapter includes five sections reporting the following aspects: 
1) The fundamentals of the SAF process with respect to loads and perfonnance of SAFs. 
The range and types of waste treated by SAFs are also reviewed; 
2) The development and types of media for bioreactors in wastewater treatment; 
3) The principal of mixing and residence time distribution in a bioreactors since these 
affect the standard kinetic constants for microbial growth and mass transfer coefficients; 
4) The effect of shock loads on SAF; 
5) The technologies to treat refractory organics principally oestrogens, the example 
materials used in this study. 
3.1 THE FUNDAMENTALS OF SUBMERGED AERATED 
FILTERS (SAF) 
The section includes details of biology and current theory concerning mechanisms of the 
process, a classification of the different SAF and current standard SAF operation, and 
finally a description of the parameters affecting their perfonnances. 
Submerged aerated filter (SAF) technology is a fixed-film system with mechanical 
aeration or oxygen injection, introduced at the base of the reactor through a network of 
diffuser nozzles, discs or tiles to increase the concentration and activity of the biomass per 
unit volume. The medium is submerged and air is supplied mechanically to create a large 
contact area for aerobic biological treatment. Therefore, it can supply and produce very 
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high concentrations ofbiomass compared to other fixed film processes, which makes SAF 
a high rate and low foot-print process. It is commonly used to upgrade existing sites. In 
fact there are few recent or good quality academic papers in refereed journals concerning 
moving and fixed bed SAFs. 
SAF has the same basic philosophy as biological aerated flooded filter (BAFF). The most 
obvious difference between them is thaf SAFs rely on final settlement tanks to achieve the 
necessary discharge quality. BAFFs do not but require backwash to remove accumulated 
biomass and solids. 
Early SAFs used plastic, slatted wood or some granular materials as SAF media. But the 
most frequently-used medium is a plastic. The open structure of the medium can protect 
against blockages and reduce the head-loss of the system. Primary settlement or fine 
screening to 1-3 mm prior to the SAF are required by the process to avoid blockage with 
inerts, e.g. rag, plastic film. 
3.1.1 Biology and Mechanisms of SAFs 
SAFs are designed similarly to standard secondary treatment and follow pre-treatment or 
primary settlement to remove the bulk of suspended solids. Many SAFs and BAFs have 
actually been used as tertiary treatment or parallel treatment to relieve overload. The 
function of SAF is then to biochemically convert nonsettleable (i.e. soluble and colloidal) 
organic matter and nutrients (such as nitrogen and phosphorus) into biological sludge that 
can be removed by secondary settlement. In some cases, trace concentrations of refractory 
or toxic organic compounds also require removal. This conversion often requires special 
kinds of slow growing organisms constituting the biological film at the surface of the 
filter medium. 
Film composition and morphology 
In wastewater treatment, the removal or reduction of both organic and inorganic 
compounds is necessary. Microorganisms play the most significant role by decomposing 
waste organic matter, removing carbonaceous BOD, coagulating nonsettleable colloidal 
solids, and consequently stabilizing organic matter. These microorganisms convert 
colloidal and dissolved organic matter into inorganic and cell tissues. The cell tissues, 
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having a specific gravity greater than water when they coagulate with other biomass, can 
then be removed from treated water by gravity settling. 
Different microorganisms attach on solid surfaces to form fixed biofilm to achieve three 
objectives: 
1) collect and enhance substrate transfer 
2) avoidance of a harmful toxins 
3) reduce the effect of physical forces such as high velocities 
The mechanisms of microbial adhesion are described in a subsequent section. Usually, 
adsorption, adhesion and adherence consequently occur during a period of 20 to 30 
minutes if environmental conditions are optimal (Brisou, 1995). Different types of 
biomass and different types of surface available decide the primary and early fixation 
mechanisms. Adsorbed biomass excrete extra cellular polymeric substances (EPS) during 
their growth and reproduction. The EPS generally extends from the cell to form a 
"gelatinous matrix" and biofilm (Bryers and Characklis, 1990). Development of a biofilm 
in wastewater treatment is a complex process. Different factors cause different structure 
and characteristics ofbiomass. The major factors affecting the formation and properties of 
biofilms are as follows: 
1) type of reactors and operational factors. 
2) characteristics of the type and agenda of microorganisms. 
3) type of medium surface available for microorganism attachment. 
4) liquid conditions: pH, temperature, C/N ratio, environmental conditions and 
wastewater characteristics. 
5) hydrodynamic features ofthe liquid (turbulence and velocity). 
Among them, fluid features have the following effects: 
1) change substrate transfer rate 
2) increase detachment rates with the increase ofliquid velocities 
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3) affect internal substrate diffusion by higher fluid velocities, which result in thinner 
biofilm and more compact biological matrix (Melo and Vieira, 1999). 
The wastewater treatment mechanism of biofilm processes is illustrated by Figure 3-1. 
The contact between wastewater and biofilm results in substrate uptake. The following 
sub-processes are included: 
1) the transfer of the substrate and oxygen from the wastewater to the biofilm surface 
2) the internal diffusion of the substrate and oxygen within the biofilm 
3) the degradation of the substrate and use of oxygen by the biofilm 
4) the transport of metabolic products back into the wastewater 
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Figure 3-1 Schematic mechanism of a biofilm (Mara and Horan, 2003) 
At the early stage of microorganisms attachment, the biofilm is aerobic due to the 
complete oxygen transfer through the thin biofilm. As growth continues, oxygen diffusion 
is limited and an anaerobic layer develops. The well developed biofilm usually comprises 
aerobic, anoxic and anaerobic layers from its surface to bottom. The accumulation of 
biomass on the support media depends on many factors such as the nature and 
concentrations of substrate, oxygen availability, hydraulic shearing and microbial species. 
The biofilm continues to remove organic matter as substrate and the biofilm thickness 
keeps increasing. 
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If the bacteria degrade organics under anaerobic conditions then volatile acids and gases 
like CH4, CO2, H2 and N2 are generated, which accelerates the sloughing off the biofilm, 
thus breaking the accumulation process. The sloughing is usually attributed to the 
following reasons: 
1) the hydraulic velocity in the reactor leads to a steady sloughing off; 
2) the death of biomass in endogenous phase within biofilm may destroys the 
adhesion; 
3) gas formation during metabolism in the biofilm weakens the adhesion; 
4) the grazing and feeding activity of the protozoa and other metazoa within the 
biofilm. 
The sloughed biomass is collected and discharged out of bioreactor as sludge. Orantes 
and Martinez (2003) found the sludge production linearly increases with the organic load 
and inversely with the hydraulic retention time (HRT). When in the study the organic load 
increased from 2.3 gCOD/m2.d to 35.7 gCOD/m2.d and HRT decreased from 7.6 hrs to 
0.8 hr, the sludge yield coefficient raised from 0.12 gTSS/gCODremoved to 0.34 
gTSS/gCODremoved. A similar result was achieved by other studies (Xing et al., 2003; 
Fouad and Bhargava, 2005). Some organisms with higher trophic levels were found in the 
eco-system of the submerged biofilm, such as Netamoda, Paramecium, Rotifiers and 
Cladocera. A significant part of the biofilm was consumed by them as foodstuffs, and 
thus the final amounts of surplus sludge could be 25% less than that generally produced in 
the activated sludge process. 
Microbiology of SAF 
Proximity and protection are why microorganisms choose to form biofilm or other 
aggregates. The biology of a SAF is similar to that of a BAFF (Biological Aerated 
Flooded Filter). The biology of a SAF is also heavily influenced by the submerged nature 
of the biomass and the dissolved oxygen in wastewater rather than atmospheric oxygen. It 
was suggested by some researchers that SAFs share more characteristics with activated 
sludge processes than trickling filters due to the presence of suspended biomass in SAFs. 
However, the idea was challenged by Hamoda and AL-Ghusain (1998) who proposed that 
the suspended biomass accounted for only 5% of the total biomass and would not 
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contribute any appreciable removal of organics for a four-stage SAF process treating 
domestic wastewater. In addition, the growth of suspended biomass is not encouraged 
because of the short hydraulic retention times in the reactor. However, other researchers 
(Richter and Kriiner, 1994) believed there exists a variable relative importance of 
suspended and attached growth. The relationship of suspended biomass and the 
performance of SAF needs further research. 
(1) Bacteria 
Usually, the major bacterial genera in fixed film processes are very similar to those found 
in activated sludge (Mara and Horan, 2003). In the aerobic treatment of domestic 
wastewater, they are Zooglea, Pseudomonas, Chromobacter, Achromobacter, Alcaligenes, 
Flavobacterium and Coliforms from the sewage (Gray, 1989). Robinson et at. (1994) 
found that, due to the high sludge age created by the high specific surface area of the SAF 
process medium and extra bacteria competition, the reduction of Escherichia Coli was 1-2 
orders of magnitude greater than that of the activated sludge. They found coliform 
reductions of 90-95%. Filamentous bacteria like Beggiatoa, Thiothrix and Sphaerotilus 
and nitrifYing organisms such as Nitrosomonas and Nitrobacter (Bitton, 1994) are also 
found in the biofilm. Normally, the sludge age has to be more than 8 days for nitrifying 
microorganisms to reproduce and because of their slow growth rate, they are poor 
competitors for space and oxygen, therefore they are only found in the deep interior of 
biofilms where space competition is relatively low despite the poor dissolved oxygen. 
SAF with its long sludge age can help retain nitrification. Some studies have indicated 
that the heterotrophic microorganisms dominated the lower parts of an upflow SAF where 
most of TOC conversion occurred similar but in reverse to traditional trickling filters. 
Nitrifiers dominated the upper parts where significant nitrification occurred because the 
direct competition between the two types of microorganisms was reduced (Warmer and 
Gujer, 1985; Parker and Richards, 1986). In a SAF the interaction of the sessile and 
suspended biomass may be more efficient to nitrity ammonia than just simple links to the 
amount of attached biomass. SAF improves the possibilities of retaining slow growing 
biomass (i.e. High MLSS concentration and a high sludge age) and the high activity for 
nitrification and further reduction of hard or recalcitrant BOD and COD. For a thick 
biofilm, certain anaerobic species, sulphate-reducing bacteria, facultative aerobic bacteria 
14 
-----_. -------
Chapter 3: Literature Review 
and methanogenic bacteria, can survive buried deep in the anoxic or anaerobic zone ofthe 
biofilm (Arvin and Harramoes, 1990). 
(2) Fungi 
The fungi compete against bacteria due to their high hydrolytic potential (Mara and Horan, 
2003). In winter and early spring, their growth can be favoured over that of bacteria in 
trickling filters. They are rarer in mid-summer. The dominant fungi colonizing fixed film 
processes are Sepedonium spp., Subarromyces splendens, Ascoidea rubescens, Fusarium 
aquaeductuum, Geotrichum candidum and Trichosporom cutaneum. Over a hundred 
species of fungi have been isolated from wastewater and the biomass of biological 
process. Although the biodegradation rates by fungi are much higher than that of bacteria, 
filamentous fungi can increase the resistance ofbiofilm to sloughing. If the organic matter 
concentration of the influent is strong up to 280 mgBODs/L, fungi growth is favoured, 
and as yet there is little reported work on the fungi in SAFs. 
(3) Protozoa 
The protozoa (Mara and Horan, 2003) in biofilm are mostly aerobic and feed on organic 
particulate matter, bacteria, algae or other Protozoa. They play a role in maintaining 
bacterial growth rates by reducing their population density (Gray, 1989) and turning over 
biofilm. 
3.1.2 The Classification of SAFs 
In SAFs, air for oxidation is supplied at the bottom of the biofilter and water flows 
upwards or downwards, giving two main types of biofilters: upflow and downflow 
biofilters. SAFs are also grouped into sunken-media or floating-media as a consequence 
of the density of media. Because the biofilm grows and suspended solids are retained 
within the sunken-media reactors, clogging frequently occurs. The second generation of 
SAF with a floating support made from plastic material with a density lower than or 
almost equal to that of water appeared to avoid this problem. This overcomes some of the 
disadvantages of the original systems. Mann et al. (1998, 1999) reported the better 
performance of floating media than sunken media for SS, COD and ammonia removal 
and at higher hydraulic loading for biofilters. The media of some SAFs are kept 
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continuously moving through the driving force of the liquid and air. The mobility of SAP 
might be thought to improve performance by the following effects: 
1) improved mass transfer 
2) reduced biofilm diffusion limitations 
3) accelerated biochemical reactions by increasing biofilm I liquid transfer area 
4) Increased specific area by using very fine (0.2-2.0 mm) or very porous material to 
increase the specific area available for bacterial growth. 
SAP can be classified by some loading parameters or their applications. Parameters 
include filter medium, hydraulic loading, HRT, organic loading, nutrient loading, and 
stage in the treatment process. The main applications of SAP are organic removal, 
nitrification I denitrification and phosphorus removal. An increase of volumetric loading 
should reduce the liquid residence time, which consequently reduces the proportion of 
organic matter removed but total mass of pollutant removed per unit volume of filter will 
increase with the increasing volumetric loading (Marquet, 1999). 
3.1.3 The Application of SAFs in Sewage Treatment 
Several advantages of SAP has been reported: 
• modular, quickly constructed plant, 
• . small footprint due to higher OLR (2-4 kgBOD/m3.d compared to 0.1 
kgBOD/m3.d for trickling filters and 1 kgBOD/m3.d for AS) 
• easily automated process, 
• no backwash, 
• nitrification at low temperature, 
In the biofiltration system, organics are carbonized and ammonia are converted to nitrate 
in the presence of oxygen. The biofilm reactors have been shown to have higher nitrifying 
and denitrifying potential as well as better removal of organic compounds and suspended 
particles (Chen et aI., 1991, Masuda et aI., 1991; Watanabe et al., 1992). 
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Organic removal 
Richter and Kriiner (1994) conducted an experiment using two similar biofilm reactors 
which had the HRT of 432 min to treat synthetic sewage. The removals of TOC were 
63% and 65.1 % when the influent TOC were 115.1 mglL and 117.3 mglL, respectively. It 
was also found that the bioreactors retained their biodegradation capacity 24 hrs after 
flushing of all suspended sludge. The authors therefore concluded that the biomass 
attached on the media played more important role than the suspended sludge in pollutant 
removal. 
A research and development programme on the SAF was carried out by Thames Water 
which showed that SAF removed up to 0.6 kglm3.dayarmnonia nitrogen. The STW using 
SAFs was to treat the popUlation equivalent of 20,000, and SS, BOO and NH4-N were 
reduced below 25 mglL, 7 mglL and 5 mgfL, respectively (Smith et al., 1990). 
Other non commercial data on SAF has been published on the treatment of wastewater of 
the mountain refuges in the Alps. In this process, 1.6 kgCOD/m3.d was removed, and with 
COD removal was up to 72%. The maximum removal loading was 12.8 gCOD/m2.d at 
the surface load of 16.1 gCOD/m2.d in the fixed-bed bioreactor (79.5% removal 
efficiency). The concentration of TSS in the effluent from the fixed-bed bioreactor was 
128 mglL but the influent concentration was 1,904 mgIL (Andrettola et al., 2003). The 
efficiency at the low temperature on the mountain (4°C) is of particular interest since 
previous work on trickling filters has shown them to effected more by low temperatures. 
Trickling filter temperature was highly correlated with both ambient and influent 
temperature. The effect of influent temperature was greater than that of ambient 
temperature (Battistoni et al., 1992; Marquet, 1999). 
In Table 3-1, three example full scale STWs using SAFs are listed, which had similar 
performance and all achieved high SS, organic and nutrient removals. The French SAFs 
plant shows a high loading rate 20 kgCOD/m3.d which would lead to a foot-print. They 
were reported to be easily installed retrospectively and operated without environmental 
nuisance associated with noise or odour. The robust performance during eight-day power 
failure s noted in the study of Daude and Stephenson (2003) and the ability to resist shock 
loads have made the SAF process an attractive technique for the newly-installed and also 
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to updated sewage treatment works. Few of the papers report the detail dimensions of 
working SAF (Table 3-2) gives a list of those which do. 
Industry waste removal 
The SAFs have been deliberately tested on hard and difficult to biodegrade carbons 
because of the possibilities of extended sludge ages. This is a special objective of this 
project. Schlegel and Teichgraber (2000) reported the performance of SAFs for four 
industry wastewater treatments. At the Lippe Association's Dorsten-Wulfen Wastewater 
Treatment Plant a cross-section through the aeration tanks was retro-fitted with 
submerged aerated fixed-film reactors to treat the combination of the municipal 
wastewater and the effluent from the vegetables processing. Results showed that SAF 
achieved 83% removal of COD with specific surface load of 30 gCOD/m2/day for this 
food wastewater. In Nottuln-Appelhiilsen, a STW treats 27,000 PE with 4000 PE from the 
carpet-dyeing industry, the SAF removed 50% COD in the wastewater even though this 
water has a high no-degradable compound percentage (COD / BOD = 1.8 and the specific 
surface load of 30 gCOD/m2/day reported). In another example, the SAF removed 
average 85% of COD from the influent with specific surface load of 15-18 g/m2/day at a 
pharmaceuticals factory. The sludge yield of 0.05-0.2 kgDS/kgCOD was also reported. 
Denitrification was also observed simultaneously with nitrification without any special 
denitrification measures. This was assumed to be due to the presence of anoxic zones 
within the pack despite the aeration. Another study investigated to treat tar processing 
effluent, the Total Kjehldahl nitrogen (TKN) was normally 250 mglL and even as high as 
500 mg/L. The SAF with recirculation removed 90% COD with the specific surface load 
. of 10 glm2/day, and the influent COD was 1,000-2,000 mglL. The TKN removal achieved 
was unstable with the highest of approximately 90%. 
SAF has also been tested for treating recalcitrant industrial wastes such as ethyl tert-butyl 
ether (ETBE), Methyl tert-butyl ether (MTBE) and tert-amyl methyl ether (TAME). 
Kharoune et al. (2001) reported that the ETBE was removed up to 99% while the ETBE 
feed concentration was 100 mglL at a HRT of between 13 hrs and 24 hrs in a lab-scale 
up-flow fixed-bed reactor (60 cm length and 8 cm internal diameter). MTBE and TAME 
removal efficiency were also achieved to greater than 99% at a feed concentration of 
MTBE and TAME of80 mglL and aHRT of15-24 hrs. 
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Table 3-1 Three large-scale SAF plants summarised from the literature 
Place Reactor description Loading rate PE COD Ammonia BOD 
removal removal removal SS removal Others Ref. 
A prototype Two bioreactors in 
Reactors resisted the 
plant near 
series. Each one is 3 85 >90% 
organic shocks and Daude and 
Winchester, na 
. "'90% "'90% >90% rapid recovery after Stephenson, 
UK m
J in volume. (BODs) a prolonged power 2003 
failure 
Ten prefabricated 
steel submerged 
Silchester aerated filters and 
Sewage- maximum treatment An average 99.9% 
treatment capacity was 14,000 na 20,000 na 96% 95% 87% reduction of E. Coli Robinson et 
Works, mJ/d. The specific was obtained from al., 1994 
Hampshire surface area of 
SAP process plant 
medium was 100 
m2/mJ. 
20 kgCOD/m'.d, Reduced to Two semi-industrial 0.6-1.2 kgNO,-- The technique is the 
Evry submerged up-flow N/mJ.d and 4 91% an average basis of the full-
Municipal pilot biofilters in kgTSS/rn'.d for with the value of2 97% scale wastewater 
Wastewater series. First filter was pre-DN stage ORLof rngIL. The With a load treatment plant in 
Treatment 0.5 mJ for the 240,000 20 average na Ahlen (Germany, 
Pujol and 
NH:-N of4 Tarallo, 2000 Plant, predenitrification and 5.5 kgCOD/rnJ.d kgCODI kgTSS/m'.d 85,000 PE) 
France second one was 1 rnJ and 1.4 mJ.d loading operating 
for the nitrification. kgTKN/mJ.d for rate was successfully since 
nitrification 0.7 kglm'.d 1998. 
na: not av '1 hI al a e 
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Table 3-2 The reactor dimension description in literature 
Reactor description Dimension Volume Other information Reference 
A Prototype Plant with 
3 m3 Daude and Stephenson, Moving Bed Biofilm na na 2003 Reactors 
Pilot Moving Bed Biofilm L*W*H = 0.6*0.6*2.1 m 0.5m3 Water depth = 1.5 m Broch-Due et ai., 1997 Reactor 
Pilot Reactor D*H = 0.5*2.4 m V working = 400 I The packed bed is 1.2 m Cannon et al., 2000 high 
Pilot SAF D*H = 11 *30 cm 190m3 na Lim et al., 2001 
Pilot Biofilter D*H = 15*100 cm na na Ouyang et al., 2000 
Pilot SAF D*H = 15 cm*2.5 m 35.3 1 Vbase: D*H=15*20 cm FDZ-Polanco et ai., 1996 V=3.51 
Pilot Scale Biofilters L*W*H=I*I*lm 6531 na Richter and Kriiner, 1994 
Pilot Scale SAF L *W*H = 0.96*0.96*2.3 m 1.3 m3 na Lim et al., 1997 
Pilot SAF D*H = 0.12*0.62 m 71 Vworking=3.21 Carrion et al., 2003 
Lab-scale SAF L*W*H = 76*30*60 cm 70 I na Hamoda and AL-Ghusain, 1998 
Lab-scale SAF D*H = 120*900 mm 10 I na Yu et al., 2003 
V mesh=0.85m j and 1.25m j 
Lab-scale SAF L*W*H = 23*23*85 cm 451 for 16 and 24 meshes Watanabe et ai., 1994 
(mesh size=1.2*1.2mm) 
D=dlameter; H-helght; L=length; W-wldth; na: not available 
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Nutrient removal 
Apart from the removal of organics, hard COD and ammonia removal, SAF has also been 
used in combination with different stages or combined with other process. Goncalves and 
Rogalla (1992), Morgenroth and Wilderer (1999) and Shi and Thomas (1993) 
investigated the feasibility of removing phosphorus biologically through sequencing of 
the filter operation. For example, Goncalves and Rogalla (1992) used two SAFs in series 
with alternately anaerobic and aerobic conditions to study the phosphorus removal. The 
tests showed some limited P-P04 storage capability. Shi et al. (1993) employed a two-
stage process consisting of an ASP process and a SAF with an up-flow vertical column 
with fibre media. This is an important piece of work with reference to this thesis which 
will also use a fibre media. The SAF removed about 44.8%,56.0% and 55.4% COD from 
influent at short HRTs of 0.98, 0.74 and 0.55 hr compared to AS but similar to trickling 
filters, and the respective organic loads were 6.70, 7.63, 12.04 kgBOD/m3.d, very high 
loads compared to trickling filters, but similar to biotowers. More than 50 percent of 
BODs was removed by the SAF at loading rates 100 times greater than trickling filters 
although the HRT was similar 0.55-0.98 hr. The biomass concentration in the SAF was 10 
glL. The removal of phosphorus was 15-20%. The SS removed was 36.8%, 42% and 32% 
at the HRTs of 0.98, 0.74 and 0.55 hr respectively. Most of the suspended solids from the 
presettled effluent were absorbed on the biofilm of the SAF and then digested by 
subsequent activated sludge treatment as sludge treatment when the biofilm separated 
from media. This phenomenon of mainly absorbative removal was also observed in 
another study (Hamoda and AL-Ghusain, 1998). 
Abeysinghe et al. (1996) studied the nitrification and denitrification potential of three 
SAF systems with media having a specific surface area of approximately 141 m2/m3 to 
treat aquaculture wastewater. In this study, two biofilters were connected in series, with 
an unaerated biofilter followed by an aerated biofilter to investigate nutrient removal by 
changing the aerobic I anaerobic conditions. At a surface hydraulic load of 0.3 m3/m2.d, 
the reactor achieved complete nitrification, about 40 percent denitrification and 
approximately 40 percent phosphorus removal. In the biofilter system, the process 
successfully converted ammonia nitrogen to nitrates with simultaneous removal of 
organic carbon. In this up-flow SAF, heterotrophic microorganisms are accommodated in 
the lower parts of the reactor while nitrifiers dominated the upper parts after removal of 
21 
Chapter 3: Literature Review 
the carbon. With the increase of surface hydraulic loads from 0.03-0.15 m3/m2.d, the 
ammonia effluent quality decreased only marginally from 0.3-1.5 mglL. It was considered 
likely that a greater volume of the biofilter was involved in TOC removal due to organic 
load increasing thus less space was available for biomass for nitrification. Abeysinghe et 
al. (1996) further found that in a SAF nitrification system followed by the denitrification 
reactor, nitrate and nitrite were not detected in the effluent below the hydraulic load of 
0.08 m3/m2.d. When the load increased to 0.17 m3/m2.d, the nitrate and nitrite in the 
effluent were 2 mglL and 0.8 mglL respectively. 
Chui et al. (2001) compared two submerged filter systems in treating wastewater with 
loads up to 5 kgCOD/m3.d and 0.5 kgN/m3.d. One system was a tandem system with an 
anoxic filter followed by an aerobic filter. The other one was a combined system with 
anaerobic, anoxic and aerobic zones combined in one filter. Both systems showed the 
90% removals for nitrogen and 98% for COD. The authors thus proposed that 
simultaneous removal of organics and nitrogen could be achieved in a single filter and the 
volume of three zones within the SAF could be adjusted to treat wastewater according to 
the organic and nutrient loading and by relocating the location of aeration. The 
operational costs of doing this were not explored. 
Drinking water treatment 
SAFs have also been investigated to remove poorly biodegradable natural organic 
materials (NOM) from drinking water. It has been used as the first process to avoid 
trihalomethane (THM) precursors, and achieve nitrification and denitrification. The 
ammonia removal efficiency ranged from 70% to 100% at an ammonia influent 
concentration of 1-2 mglL. The BODs removal also reached more than 70% at the raw 
water BODs concentration of 5-10 mglL (Takasaki et al., 1992). Lim and Shin (1997) 
also observed the removal of ammonia nitrogen, taste I odour, trihalomethane precursors 
(THMP), and other synthetic organic chemicals (SOC) by SAFs. This improved the 
quality chemically and aesthetically. Algae, the original and main source of organic 
turbidity and filter clogging, was also removed 33.1-40.5% by SAFs. 
Jin and Englande (1998) used SAF to completely remove carbon tetrachloride (CT), a by-
product of chlorinated organic matter and a ubiquitous environmental pollutant. Results 
showed that SAF degraded 98-99.9% of the CT at an initial concentration of about 200 
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Ilg/L in the influent with a retention time from I to 4 days. They also noticed that biofilm 
thickness was the greatest near the inlet and decreased along the wastewater flow, and 
they attributed this to the progressive limitation in organic carbon with the increase of 
column length. 
3.1.4 Parameters Affecting the Performance of SAFs 
The perfonnance of a SAF is commonly defined in terms of organic and nutrient removal 
efficiency. The removal rate at steady state in a SAF is a function of a number of factors, 
some of which are independent of each other, while some are highly dependent. These 
are: the concentration / activity and kinetics of the biomass; the dead space in the reactor; 
the severity and type of channelling; the substrate concentration driving mass transfer into 
the bio-flocs; bio-floc size; HRT; and organic loading rate (OLR). Additionally, biomass 
develops in relation to various operational parameters: substrate, nutrients, hydraulic 
retention time (HRT), dissolved oxygen (aeration), temperature, pH and loading rate. 
Thus the parameters affecting the perfonnance are filter medium, organic loading, 
nutrient loading, HRT, pH and temperature. 
Filter medium 
The filter medium is to support and retain the growth of the biofilm and maximize organic 
and nutrient removal. Oxygen and waste metabolites need to be smoothly transferred 
between the liquid and the biofilm and on suspended sludge. 
SAF media are characterised by their specific surface area, shape, size, voidage and 
nature. Surface area, shape, size and voidage are related. The specific area indicates the 
amount of medium surface where biofilm can colonise. In terms of size, a compromise 
must be reached between the conflicting requirements to provide a large specific surface 
area (small medium) and large interstitial voids to allow sufficient ventilation and prevent 
clogging (large medium). 
Regarding to the material for the medium, Bryers and CharackIis (1990) suggested the 
specification for an ideal filter medium as: 
• low cost; 
• large surface area per unit volume; 
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• sufficient void space to allow for air flow and removal of excess biofilm. 
Plastics have been used as filter media due to their advantages of: 
• large and inert so that there are no losses; 
• relatively lower head-loss than any other media; 
• higher surface area. 
The specific surface area of a commercial plastic medium ranges from 250 to 500 m2/m3 
of medium or even more. The high surface areas are favourable for nitrification. In a 
recent review, other media (i.e. waste material) have been preferred as filter media to 
reduce the cost of the media (Lessel, 1994; Watanabe et al., 1994; Cannon, 2000). 
Hydraulic loading 
Hydraulic characteristics is a key basic consideration for the successful operation of the 
SAF. The high shear forces of the water flow give rise to much greater biofilm sloughing. 
The growth of large amount of suspended biomass is not encouraged due to the short 
HRT. More biofilm is accumulated in the process when fed by a weak influent due to the 
low shear forces. Different types of biofilm have various resistance to shear. A fungal 
biofilm was reported to be more difficult to slough than a bacterial biofilm. Nitrifiers are 
easier to slough than heterotrophic biofilms although they are thinner and denser (Oga et 
al., 1991). They are thought to generate less extra cellular polymer. 
Hamoda and AL-Ghusain (1998) employed a four-stage SAF process treating domestic 
wastewater. Experiments were conducted at hydraulic retention times based on the 
empty-bed liquid volume for all four compartments in the range of 1.33 to 8 hrs. At the 
HRT of 1.33 hrs, the surface load was 0.16 m3/m2.d. The BOD and COD removal 
efficiency were 73.33% and 74%, respectively. At the HRT of 8 hrs, the surface loading 
was 0.08 m3/m2.d, the BOD and COD removal efficiency 97% and 93%, respectively. 
The process showed high BOD removal efficiency (sometimes >90%) over a wide range 
of surface loading rates (0.04 to 0.68 m3/m2.d) and the COD removal efficiency varied 
from 79 to 97.9% according to the different HRT employed. In operation, SAF can 
achieve about 55 percent COD removal efficiency at HRT of 0.74 to 0.98 hr. More than 
50 percent of BOD5 was removed by the SAF although the HRT was only 0.55-0.98 hr. 
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At these short retention times in a completely mixed reactor the leakage or pass through 
could be a factor. 
Organic loading 
Substrate composition and concentration have an important effect on biofiIm species and 
nature. Different organic loading rates produce biofiIms with different species 
composition. Since the potential for degradation of more difficult organic matter is 
generally enhanced when biomass are attached to fixed surface in treatment systems, a 
fixed-biofiIm process is a better mechanism to retain microbial population than suspended 
process. Wang et al. (1992) also has confirmed that SAF with fibrous medium can 
efficiently remove organic matter and produce less sludge concentration (4.58 g/m3 
sewage) than two SAFs in series. They carried out a system with recycling, which 
consisted of an anoxic reactor and two aerobic reactors in series packed with four ropes of 
fibrous carriers in each column (Figure 3-2), to treat the sewage from the septic tanle The 
five different recycling ratio was 0, 0.5, 1.0, 1.5 and 2.0. The HRT in the anoxic column, 
aerobic column 1 and 2 was 7 hrs, 12 hrs and 5 hrs respectively. The effluent COD and 
BOOs was less than 50 mg/L and 5 mg/L with a removal efficiency of 90% and 98%, 
respectively. The nitrification of system was 98.66% and the recycling was confirmed to 
have little effect on nitrification. 
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Figore 3-2 Schematic diagram of the experimental equipment with AlOIO submerged 
biofiIm process 
25 
Chapter 3: Literature Review 
Yu et al. (2003) found that the COD removal efficiency and the COD effluent 
concentration of single-stage biofilm reactor were about 90%, 75%, 36 mg/I, and 720 
mg/L with the organic loads of I kgCOD/m3.d and 8 kgCOD/m3.d, respectively. It can be 
seen the further treatment could be necessary at these higher OLR if the typical European 
requirement for sewage treatment were to be met (UWWTD, 1991). However, the overall 
COD removal efficiency was 96% with organic loading rates of 7.7 kgCOD/m3.d using 
two-stage biofilm reactors. In the two-stage biofilm reactor, COD was removed 76% and 
82% in the first and the second stage of the reactor at OLR of 8 kgCOD/m3.d, 
respectively. Similarly, Orantes and Martinez et at. (2003) concluded that COD removal 
rates of the SAF was able to reach more than 79% at an organic load of less than 5.9 
kgCOD/m3.d, and 57-60% at the organic load of from 5.9 kgCOD/m3.d to 21 
kgCOD/m3.d. 
Hydraulic retention time (HRT) 
As noted previously governs mass transfer efficiency, HRT is vital for nutrient and 
organic removal. Broch-Due et al. (1997) employed two consequent SAF reactors using 
polyethylene media with a density of 0.95 g/cm3 and a inner surface area (500 m2/m3) to 
study how HRT affected the removal of organic matter (Table 3-3). The TCOD removal 
was between 44.5% and 79% corresponding to empty-bed HRT over the two reactors in 
series from 2.5 hrs to 20.5 hrs. The removal efficiency of BOD7 increased to between 
92% to 96% if the minimum HRT was raised to 4.2 hrs even if the maximum HRT was 
reduced to 15.3 hrs. The removal of dissolved organic material was 75.5% at a HRT of 
2.5 hrs and increased to 95% at a HRTof20.5 hrs. The amount of sludge produced in the 
two SAFs was 0.39 kgTSS/kgTCOD, which is similar to that in low-loaded activated 
sludge plants. Ouyang et al. (2000) claimed that higher hydraulic loading could result in 
better total nitrogen removal if this was as part of recycle which thus reduced competition 
between organic and nutrient removing cultures. Thus as with trickling filters and AS 
these studies have indicated that the HRT has a major impact on of organic and nutrient 
degradation. 
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Table 3-3 The experiment result comparison using two SAFs and a settling tank (Broch-Due et al., 1997) 
Experiment I Experiment II 
Influent Total COD (mglL) 3400 3050 
Influent Filtered COD (mglL) 2600 2250 
Influent Total BOD7 (mglL) 1600 1150 
. Influent Filtered BOD7 (mglL) 1300 1000 
HRT(hr) 4.2-30.6 2.5-20.5 
Organic Loading Rate (kgTCOD/m3.d) 2.7-17.8 3.5-26.9 
pH 7 6.9-7 
Dissolved Oxygen (mglL) 2.5-5.7 3.7-5.3 
TemperatureRl (QC) 30-35 32-35 
. TemperatureR2 CC) 23-31 29-32 
Total COD removal (%) 66-82 44.5-79 
Suspended Solid removal (%) unstable 60-83 
Filtered COD removal (%) 75% with HRT of 4.2 hrs 80% with HRT of20.5 hrs 79% with HRT of 15 hrs 
Total BOD7 removal (%) 92% with HRT of 4.2 hrs 88% with HRT of 10 hrs 96% with HRT of 15.3 hrs 95% with HRT of 20.5 hrs 
Filtered BOD7 removal (%) 96% with HRT of 4.2 hrs 75.5% with HRT of2.5 hrs 99% with HRT of 15.3 hrs 95% with HRT of20.5 hrs 
Stable operation no yes 
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Nutrient loading 
Adequate growth and treatment efficiency of biofilms need an adequate C:N:P ratio of 
100:5:1. Nitrogen and phosphate are the major impediments to improvement in water 
quality because of eutrophication. Thus more stringent requirements on STW discharge 
quality have required that nutrients be removed from wastewater in order to protect the 
receiving waters. The literature review so far has shown that the SAFs and BAFs are 
effective at removing organic matter than either trickling filters or AS per unit reactor 
volume. Apart from organic removal, total nitrogen and phosphate should be also able to 
be removed by combining anoxic / aerobic conditions in the SAF in the usual way. 
SAFs are thus regarded as one of the most promising new biological treatment processes 
if high rate organic and nutrient removal and stable operation can also be achieved at 
acceptable cost. 
Nitrogen 
Ammonia is malodorous corrosive, highly soluble and toxic at low concentrations (0.5 
mg/L). It is the normal by-product from protein metabolism and present in sewage and 
animal waste. Detoxification of ammonia is achieved by nitrification, attributed to the 
activity of two genera of autotrophic bacteria, i.e. Nitrosomonas and Nitrobacter. This 
process is achieved via two consecutive enzyme-catalyzed oxidation steps. In the first 
step, free and saline ammonia is transferred to nitrite by the Nitrosomonas bacterium, and 
in the following step Nitrobacter then oxidises nitrite to nitrate. The two steps are shown 
as following: 
Equation 3-1 The nitrification process 
Longer HRTs than for carbon conversion are needed for nitrification and denitrification in 
the AS process. Typically a retention time of 10-12 hrs is needed for nitrification whereas 
4-6 hrs for just BOD removal. Kriiner and Rosenthal (1987) also pointed out that some 
biological filters with anoxic zones can be used for the reduction of nitrite and nitrate to 
nitrogen and need shorter retention times « 1 hr). The process is not easy to predict. 
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Submerged biofilm reactors show a higher nitrate removal rate per volume than 
suspended growth reactors. It was confirmed by the later research work (Richter and 
Kriiner, 1994; Kim, 2003). 
Richter and Kriiner (1994) for example used a synthetic seawater taken from the 
aquaculture system as influent wastewater with the low CIN ratio of between 2.27 to 2.38. 
The dissolved oxidized nitrogen compounds (NOx) degradation of two sequential aerobic 
packed-bed biofilters ranged from 86.4 to 80.9% with theoretical retention time of 
approximate 218 min and the ORL of 0.76 kgTOC/m3.d. The TOC removal was from 
63% to 65.1 %. 
Meaney and Strickland (1994) applied primary effluent to two SAF bioreactors 
containing plastic granules (size: 2-5 mm; density: 0.9-0.95) which were retained by a 
stainless steel mesh to form a floating packed bed. One reactor provided carbonaceous 
oxidation and the other one achieving nitrification. Experiment showed that 95% removal 
of ammonia load was achieved at loading 0.35 kgN/m3/day. In winter, the removal of 
ammonia was still more than 90% at a loading of 0.25 kgN/m3/day at the temperature 
down to 8.5 DC. The reactor was able to adapt the shock load while ammonia loading was 
increased to 0.20 kgNlm3/day at a temperature of 8 QC. It appeared that a sufficient 
population of nitrifiers was maintained by relatively low levels of ammonia in the 
effluent. This was evidence that the SAF had much better nitrification ability than the 
trickling filters, which only achieved 0.027 kgN/m3/day nitrification in a recent 
Loughborough study (Yang, 2007), and conventional AS process which gives limited 
nitrification with low SRT. Ouyang et al. (1999) studied a system consisting of AS with 
fully and partially submerged rotating biological contactors in anaerobic, anoxic and 
aerobic reactors in series to improve nitrogen, phosphorus and organic removal from 
municipal sewage. The whole system could completely biodegrade ammonia to nitrite 
and nitrate but the AS alone could only remove only 25-33% ammonia. 
Cannon (2000) compared the performance of two support media to treat sewage from 
dairy waste water. The pilot plant was 0.5 m in diameter, 2.4 m in total height, and 1.2 m 
in height for the packed bed. He observed that in both of reactors (one contained Pall 
rings, and the other one used Flocor RS), the average nitrification rate of the reactor 
packed with Pall rings was 0.15 kg[N]/m3.d and Flocor RS was 0.16 kg[N]/m3.d. The 
disappointing removal performance related to the higher specific surface area of Flocor 
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RS (230 m2/m3) may be due to less mixed characteristics in the reactor with Flocor RS 
than that with Pall rings (100 m2/m3) since the mixed characteristics was thought to have 
some effect on nitrification. He then claimed that SAF is more suitable for nitrification 
than BaD removal. 
Kim (2003) employed a single filter packed with granular sulphur, the material for 
denitrification, for nitrification and denitrification to treat wastewater with low CIN ratio. 
He found SS was removed up to 90% with a SS load of 0.76 kg/m3.d. COD was removed 
70 to 80% with the COD loading of 0.17 kg/m3.d to 2.36 kg/m3.d. Nitrification was up to 
90% at 0.70 kg/m3.d. 
These studies mentioned before confirmed that SAF is suitable reactor for anrmonia and 
even nitrite and nitrate removal by changing its work conditions. 
Phosphorus 
In the biological wastewater treatment, phosphate is removed by absorption and 
assimilation by special phosphorus accumulating organisms (P Aa). More SAFs to date 
have been for either C or N removal and there are no reports of sequencing anaerobic 
SAF to date so that phosphate is only be removed by assimilation. Shi et al. (1993) has 
for example reported that about 15-20% phosphate was removed by SAF packed with 
fibre media at an influent phosphate concentration of 12 mg/L. Further work in this area 
is therefore needed. 
Reactor environment 
pH affects biomass growth. The optimal pH for COD removing bacteria is 6.5-8.5, for 
nitrifiers is 7.5-8.5. It is possible in a fixed film reactor to have small zones of different 
environments (see Chui et al., 2001, Page 20 for example). Villaverde et al. (1997) 
conducted experiments at various pH and pointed out nitrifiers had the highest activity at 
pH 8.2. All the nitrification studies indicated and confirmed the theory and the general 
rule that the nitrification rate decreases with decreases of the pH. This is also in 
accordance with the nitrification Equation 3-2 since hydrogen ion produced depress the 
oxidation of ammonia. 
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Equation 3-2 The nitrification equation 
Hydrogen ions are produced in nitrification, and they consume the alkalinity in the water, 
thus causing pH decrease if not buffered. It may therefore be necessary for some reactors 
to add some alkaline agents to offset the excess acidity produced from nitrification of 
ammonia nitrogen in high rate SAP processes (Wang et aI., 1992). 
Dissolved oxygen 
Aeration provides oxygen for aerobic bacterial activity and the high mixing rates achieves 
the rinsing effect necessary to remove and flush out the excess sludge. The greatest power 
costs for the SAF process are still aeration but the aeration rates and therefore power 
demand of biofilm reactors like SAF are lower than activated sludge (Lazarova and 
Manem, 1994). 
Table 3-4 and Table 3-5 summarises the disadvantages and advantages of the three basic 
types of SAFs, air-lift SAF, turbulent-bed SAF and stirred bed SAF. Among them, the 
driving force of the air-lifts SAF and turbulent-bed SAF was air but that of stirred bed 
SAF was mechanical equipment. The data are not recent but are very likely to still be 
valid. As shown from Table 3-4 and Table 3-5, the advantage and performance of air-
driving SAF, especially air-lifts SAF, were apparently higher than those of mechanical-
driving SAF. 
Table 3-4 The disadvantages of SAP (Lazarova and Manem, 1994) 
Driving force Air Mechanical 
Disadvantages Air-lifts Turbulent bed Stirred bed 
Sophisticated Phase separation ** 
construction and 
devices Oxygenation system * ** * 
Reduced filling rate *** *** ** 
High energy consumption * ** *** 
. . .. .. 
• condItIOn partIally fulfilled, ··conditIOn fulfilled, '··CondItlon completely fulfilled 
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Table 3-5 The advantages ofSAF (Lazarova and Manem, 1994) 
Driving force Air Mechanical 
Advantages Air-lifts Turbulent bed Stirred bed 
High process efficiency (C, N, P) *** * * 
High biomass concentrations *** * ** 
More active Thin biofilm *** *** * 
biomass Better mass transfer *** *** * 
Concentration ** ** ** 
Stable operation Hydraulic load ** * ** 
with variations in Toxins ** * * 
Temperature ** * * 
Settling tank 
* Compact superfluous 
installations Tall reactors *** ** 
Noise and odour removal ** ** 
.. . . .. 
* condltlon parttally fulfilled, *'conditlOn fulfilled, ***condltlOn completely fulfilled 
The amount of air required for treatment is a function of the following standard variables: 
(1) the pollution load to be treated; 
(2) the endogenous respiration rate of the biomass; 
(3) the oxygen transfer efficiency which increased with diffuser submergence depth. 
In bioreactors, liquid turbulence in the vicinity of the biofilm is very important for oxygen 
diffusion (Kugaprasatham et al., 1991). Normally, the anoxic zone starts 0.1-0.2 mm 
below the biofilm surface. Mass transfer is the usual limit on the oxygen uptake rate in 
biofilm system (Siegrist and Gujer, 1985). 
Strant et al. (1985), Richter and. Kriiner (1994) found that dissolved oxygen 
concentrations in the bulk volume of the filter had a negligible influence on NOx-N and 
TOC degradation. However, Applegate and Bryers (1991) argued that a biofilm limited 
by oxygen sloughs more easily than a carbon-limited biofilm. Carrion et al. (2003) 
reported that respiration rate of biomass in submerged fixed bed reactor was 198 ±8.80 
32 
------------------------------ -- ._- -- .. -
Chapter 3: Literature Review 
mglL.h at loading rate of 0.86 kg N-NH4/ml.d, which was higher than the competitive 30 
mglL.h respiration rate of activated sludge. 
Hodkinson et al. (1998) studied the effect of media on the diffusion of air in SAF by 
examining the coarse-bubble and fine-bubble diffusers. Since the media helped coarse-
bubble diffusion by improving bubble dispersion and shearing the large bubbles into 
small bubbles, the authors proposed that coarse diffusers may be more appropriate and 
easier to maintain than fine diffusers. It was observed that the performance of fine 
diffusers was inhibited by the media by coalescing the fine bubbles to produce larger 
aggregated bubbles which have less diffusion efficiency. Additionally, fine diffusers were 
easily fouled and some preformed poorly after several weeks of operation. They also had 
higher energy requirement and operational costs. 
Temperature 
Temperature is one of the major variables affecting the performance of bioreactor 
particularly with slow growing bacteria. Under normal conditions, the activity of 
activated sludge doubles with each temperature increase of 10 QC between 5 and 30 QC 
(Mara and Horan, 2003). The nitrifying bacteria are affected more by temperature 
variance than carbonization bacteria because nitrifiers have lower growth rate. 
Temperature variance also exert a significant influence on the performance of attached 
growth systems. Haug and Mc1arty (1972) found that the retention time of an upflow 
submerged filter required for a given degree of nitrification increased as temperature 
decreased. The retention time for nitrification at 1 QC was IS times higher than that at 25 
QC. With similar system, McHames et al. (1975) confirmed that the retention time had to 
be increased to achieve the same degree of nitrification when the temperature was 
decreased. 
Stensel et al. (1988) pointed out that at a temperature above 10 QC and a load below 2 
l . 
kgBOD/m .day, there was little effect of temperature on the removal of total BOD but a 
measured effect on the soluble BOD removal rate in a SAF system. The rate of 
nitrification remained approximately the same at all temperatures above II QC. 
Broch-Due et al. (1997) found temperature significantly affected the performance ofSAF 
packed with polyethylene (specific surface area = 500 m2/ml). At a constant organic 
loading of 10 kgCOD/ml.d with the HRT of2.1 hrs, a reduction of the water temperature 
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from 31.4 to 21.9 °c in a SAF reactor decreased the COD removal from 65% to 48%. At 
33.1 QC, COD removal reached the highest value 72% with BODs removal at 94%. 
To clarify the effects of temperature on the degradation rate of organic matter, more work 
was published by Lim et al. (2001), who studied the aerobic bioreactor and observed that 
the BOD removal increased when the temperature increased from 20°C to 50 °c but 
decreased if the temperature was increased beyond this. This may indicate that the 
endogenous respiration rate of biomass in the attached biofilm increased with increasing 
temperature to the limit of denaturing. 
However, it was considered that SAFs are a flooded attached-growth system, thus they 
are less affected by lower temperatures than suspended growth processes because they 
retain slower growing bacteria better (Golla and Lin 1992; Young et al. 1975). 
Rusten (1984) confirmed this point by showing that temperature had little effect on the 
carbon oxidation between 10-20 °c in a SAF. Young et al. (1975) also observed 
insignificant difference in performance of an upflow SAF until temperature dropped to 
below 8°C. 
Robinson et al. (1994) investigated the performance of a submerged biological aerated 
filter plant (population equivalent of 20,000) at UK based sewage works between 
September to December. They found that when the temperature of the settled sewage was 
11-16 QC, BOD removal was from 75 mglL to 3.8 mglL (94.9% removal). SS decreased 
from 80 mglL to 6.9 mglL (91.4% removal), and the concentration of NH4-N dropped 
from 13 mglL to 0.18 mglL (98.6% removal). 
Koutsakos et al. (1992) utilized a pilot SAF at the organic load of 2 kgBOD/m3.d and 
ammonia nitrogen load of 0.3-0.4 kgNH4-N/m3.d to study the effect of temperature on the 
performance of the SAF. Results showed that the effluent concentration of NH4-N was 
less than 1 mglL when the temperature was above 12°C. While temperature dropped 
from 11.8 °c to 4.9 QC, the mean NH4-N removal reduced from 90% to 47%. BOD 
removal was maintained at 95% at 8±1 QC. Below 4.9 QC, the BOD removal was reduced 
to 76%. They proposed that SAF was still less affected by temperature than other biofilm 
reactors, particularly at these temperatures below 12°C. It was also pointed out that 
prolonged low temperature periods could result in biomass dying off and loss. 
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Golla and Lin (1992) also reported on an aerated reactor with polyurethane pads. The 
removal ofNH4-N experienced a 20% reduction at a drop of temperature from 20°C to 
10 QC, and 74% reduction with a drop of temperature from 10 °c to 0 DC. No effect of 
temperature on the removal ofBOD and solids was observed. Shammas (1989) confirmed 
some nitrification at 4 DC but the removal efficiency was less than half of the values 
observed by Golla and Lin (1992) at these near freezing temperatures. 
As concluded from literature, unlike activated sludge systems whose biological reaction 
rate do follow the standard pattern double every 10°C, these studies indicated that SAFs 
are more stable and less subject to variances of enviromnental factors, probably as a result 
of a larger population diversity, and total bicimass. 
3.2 THE MEDIA FOR BIOREACTORS 
Some of the advantages of SAF is attributed to the specifications of the media: 
• a good surface with a high specific surface area where the bacteria can colonise 
and be held 
• the permeation of nutrients and oxygen into all parts of the biomass layers. 
• no clogging by a surplus ofbiomass 
3.2.1 The Specifications of Media 
In SAFs, all kinds of media carrying biomass have been used in wastewater treatment 
plant. A wide variety of fixed-film materials for media are available, but those are some 
key characteristics: 
• resistance to the mechanical stress by the turbulence 
• stability in the wastewater over several years 
• a large specific surface area for biofilm growth 
• enough large voids and spaces to prevent clogging 
3S 
Chapter 3: Literature Review 
3.2.2 Evolution of Media 
Media, made from different materials with different properties, have been extensively 
tested over a large number of years for fixed-biofilm systems. 
Lessel (1994) selected three kinds of media to upgrade a conventional STW in Germany 
with the ORL of 0.8-1.0 kgBOD/m3.d. Medium A was a binnet-structure, consisting of a 
rigid polyethylene material and fixed in a cage. Medium B was free floating small foam 
cubes. Media C was a ring-lace material, consisting of a flexible rope of a modified PVC 
material woven into rings, and these ropes were fixed vertically in cages. He found the 
reactor with media A accumulated very dark and therefore anaerobic sludge more than 10 
mm thickness under the normal aeration conditions. The medium B in the reactor was 
lying on the tank bottom containing anaerobic sludge, and could not be kept in circulation 
after two weeks of continuous operation. There is no reasonable explanation for the sunk 
foam cubes even by the manufacturer. The performance of the reactor with medium C 
showed the best potential for retrofit improved pollutant removal. During four years' 
operation, the woven medium C reactor was able to remove 97%, 90.5% and 97.4% of 
BOO, COD and NH4-N with the influent concentration of BOO, COD and NH4-N of 148 
mglL, 402 mglL and 39 mglL, respectively. 
Loosdrecht et al. in 1998 pointed out that the roughness of media surface was a more 
dominating factor for biofilm development than physicochemical surface characteristics. 
The large specific surface area of the media and rough, porous structure allows for rapid 
colonization and growth of a high concentration ofbiomass attached to the media. 
Watanabe et al. (1994) studied an up-flow aerated biofilter (UAB), in which biomass was 
retained by stainless meshes (1.2 mm x 1.2 mm) installed horizontally. Total mesh areas 
are 0.85 m2 and 1.25 m2 according to the number of meshes either 16 and 24, 
respectively. The unique feature of the UAB was that attached biofilm on stainless 
meshes physically filtered out and I or adsorbed suspended solids in the wastewater 
except for the oxidation products from biological growth. The physical structure of the 
meshes could enable the trapping of air bubbles by layers of biofilms attached to the 
meshes for relatively long time so thilt oxygen could better dissolve in wastewaters more 
effectively than other types of reactors. In the upflow aerated biofilter, percentage of 
removal efficiency of organic matter with particle sizes of > 1.0 /lm, 1.0-0.1 /lm, and < 
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0.1 /-tm was 83, 60 and 57% respectively. This result indicated that relatively large 
organic particles were filtered out physically by meshed attached biofilms although the 
efficiency decreased with the size of the particulates, and soluble and I or small organic 
matters were adsorbed on the biofilms and biologically degraded. At the hydraulic load of 
108 Llm2.d, a stable removal ofBOD, COD and SS was achieved at an HRT of 8 hrs. To 
reach a complete nitrification, an HRT of 10 hrs was required with the aeration rate I flow 
rate equalling 4. In addition, the VAB exhibited sufficient denitrification capacity for 
municipal wastewater ifthe aeration site was changed vertically to create an anoxic zone. 
Cannon (2000) compared the performance of two media (Pall rings and Flocor) in SAFs. 
Flocor RS media elements are corrugated tubes, 20 mm in diameter and length, which 
formed a randomly packed matrix and provided a specific surface area of230 m2/m3• The 
specific surface area of the Pall rings was lOO m2/m3• The SAF packed with 50 mm Pall 
ring achieved 62.73% and 51.78% removal ofBODs and SS, respectively with a retention 
time of 18 hrs. The BODs and SS removal were improved to 70.24% and 53.37% 
respectively when the retention time was 28 hrs. The performance of the reactor was 
inconsistent and the removal efficiency was poor when the retention time decreased to II 
hrs. The reactor packed with Flocor RS removed 76.81% BODs at a HRT of 22 hrs 
compared with 73.91 % in the reactor packed with Pall ring. Additionally, the biofilm did 
not fully cover the Flocor RS media. Thus, it was suspected that the reactor packed with 
Flocor RS would have a better performance after longer time of operation. It was also 
considered that the larger specific surface area of the Flocor media ought to have given a 
better performance. 
3.2.3 Current Studies using Wool Fleece as a Medium 
Wool fleece could have potential for difficult compounds in STW effluent treatment due 
to the hydrophobic characteristics, natural origin and a fibrous expanded format. These 
could make them a better filter media for effluent treatment compared to the current less 
sustainable altematives. 
The wool (Figure 3-3) has a thin exterior layer of flattened cells, the cuticle, which 
overlap to form a continuous tube around the fibres, and the cortex which forms the bulk 
of the mass. The cortex consists oflong thin cells with tapered ends packed parallel to the 
length of the fibre. Two distinct types of cell, have been identified Soft and Hard 
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segments, within the cortex and grouped together to fonn a composite structure (Fraser, 
1954). 
S SEGMENT 1 COR",X 
H. SEGt1£NT f 
CUTICL& 
10 MICRONS 
Figure 3-3 The fine structure of wool fibre (Fraser, 1954) 
To study the adsorption of wool material, Perineau et al. (1983) used wool carbonizing 
waste to adsorb ionic dyes. It was found that temperature significantly affected the 
adsorption of the acid dye (AB 80) and that basic dyes (BR22) diffused more quickly 
within the wool carbonizing waste compared to the acid dye. The adsorption amounts 
were 0.744 mmol/g for AB80 at pH 2 imd 0.193 mmol/g for BR22 at pH 4. The 
maximum adsorption of BR22 was observed at pH 9. The author proposed that the 
adsorption capacity of wool carbonizing waste was lower than or equal to that of other 
materials for basic dyes but 6-10 times higher for acid dyes, suggesting this might be due 
to hydrophilic binding of the H+. 
The combination of hydrophobic and hydrophilic adsorption sites on wool fibre pores and 
woven structure makes it a potential filter medium to remove dissolved residual organic 
materials with high molecular weight from waste waters. This adsorption characteristic of 
wool would lead to a longer retention time of pollutant inside reactors, thus giving more 
opportunity for slow growing microorganisms to give better removal biodegradation 
behaviour. Lessel (1994) reviewed media attributes and found that woven filters were a 
better media than standard rings. Current technology (ozone membranes and activated 
carbon) for refractory organics (hydrocarbon fuels, pesticides, dyes and pharmaceuticals, 
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EDCs) removal at low concentrations from effluents are energy intensive or generate 
undesirable sidestreams. A study by Stokes (2007) found that the cost of ozone and 
activated carbon for oestrogen removal after tertiary filtration was £13/person.year and 
£16/person.year respectively. These were higher than CI02, but the CI02 could easily 
produce carcinogenic byproducts. Therefore, the bioreactors packed with wool may be a 
good alternative technology. 
3.3 THE RESIDENCE TIME DISTRIBUTION (RTD) OF 
BIOREACTORS 
Hydrodynamics plays a critical role on a bioreactors perfonnance. Measurement of 
residence time distributions is the common method of experimentally detennining the 
hydrodynamic behaviour of a reactor. The knowledge of the reactor flow pattern and 
reaction kinetics is helpful to completely understand the kinetics of the process. The real 
flow pattern of reactors is also important infonnation to model adsorption and to scale-up 
reactors. In real operation, the flow pattern becomes complex since the reactor includes 
the presence of several phases: wastewater, gas (air, COz, CH4 or N2) and biomass, which 
are especially the case of SAFs. Hence, some studies of the hydrodynamic study of the 
reactor are necessary. 
Residence Time Distribution (RTD) obtained by tracer techniques can be used for the 
analysis of the flow pattern and calculating the active volume of bioreactors. The 
phenomena that might affect the reactor hydrodynamics are: number of phases and 
reactants involved in the process, adsorption and diffusion processes, and the presence of 
these anomalous flow zones. Factors, such as water flow velocity, air supply, shape and 
morphological characteristics of packed media and filter porosity have been shown to 
affect the flow pattern in the system (Coker, 2001). The practical effect of these 
phenomena on the reactor hydrodynamics are decided by the operating conditions of the 
bioreactor. 
Simply stated, then under ideal plug flow conditions, the tracer should appear in the 
effluent at the theoretical residence time and in equal concentration to the initial input. 
Whereas with ideal perfect mixed conditions, then the effluent concentration should equal 
initial concentration divided by reactor volume. The concentration of tracer then declines 
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with the flow rate (Coker, 2001; Levenspiel, 1972). Therefore, the completely mixed 
pattern in theory will make the best advantage of the total area of packed media and 
biomass in practice. There are concerns at short retentions that potential contaminants will 
leak through the reactor. 
These represent the theoretical differences in RTD between the two most common types 
of bioreactors: filters and activated sludge. The plug flow is commonly assumed in 
trickling filter and complete mixing is assumed in each zone or chamber of activated 
sludge process. 
Deviation from the ideal behaviour of the plug flow tubular reactor and completely mixed 
tank reactor can be created by channelling of the fluid or by the presence of dead zones in 
the reactor by secondary recirculations or stagnant areas. Hydraulic dead zones cause an 
effect like short circuiting reducing the effective residence time and causing a reduction in 
removal efficiency (Coker, 2001; Levenspiel, 1972). 
Review of RTDs 
Seguret and Racault (1998) researched hydrodynamic behaviour of a 110 m2-horizontal-
area full-scale up-flow submerged biofilter with backwash and found that aeration played 
a significant role in the mixing pattern in the lower part of the filter. Lateral mixing was 
more efficient without aeration, which suggested that the upflow of the air bubbles may 
create a significant channel for the tracer counteracting the transport of the tracer from the 
central feed channel to the filter sides. The spatial heterogeneity of the effluent 
distribution due to peripheral outflow did not apparently affect the filter efficiency when 
there was a sudden increase of the influent rate from 3.7 mIhr to 6.7 mIhr. In addition, 
Seguret et al. (1998 and 2000) concluded that the single feed channel of the biofilter 
could not homogeneously distribute the effluent across the bed bottom and transport of 
the effluent to the sides of the filter was delayed. The tracer was distributed in an axially 
dispersed plug flow pattern and by diffusion in and out of the biomass. The floating filter 
produced a pattern close to a dispersed plug flow reactor. 
The diffusion in and out of the biomass could cause tailing. Tailing was described as the 
slow retention and slow release of tracer in the effluent of reactor. Jimenez et al. (1988) 
applied various tracers to research the tailing phenomenon and concluded that tailing is 
not due to adsorption but mainly caused by diffusion into and out of the biofilm. 
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Nabizadeh et al. (2000) carried out hydraulic analysis of an aerated submerged fixed-film 
reactor to determine links to performance. They believed that the flow pattern of 
bioreactors could be affected by water flow, air supply, shape and morphological 
characteristics of packed media and filter porosity. These parameters changed in 
sympathy with organic loading rate. Aeration played a significant role in the mixing 
pattern in the filter. When there was no air supply to the reactor, dispersion number 
variation was significant and the major pattern of dispersion was diffusion. Reactor had 
plug-flow characteristics. By contrast, when air are switched on the dispersion number 
did not change significantly and the reactor was well mixed condition at various water 
flow velocity and air supplies. The growth of biofilm did not significantly affect the 
pattern of mixing at different hydraulic loading rates. But this interpretation was 
challenged by Smith, et al. (1996). 
Smith et al. (1996) carried out tracer study to determine the effect of several parameters 
on flow pattern of upflow anaerobic filters. They concluded that both substrate / biomass 
contact and biomass retention are important in reactor performance. Their data showed 
that liquid upflow velocity and gas production enhance the degree of mixing. But that 
high liquid velocities could result in short-circuiting and hence rapid passage of the tracer 
through the filter without dispersion. Some gas production increased the rate of diffusion 
in and out of the biofilm layer which ensured a steady supply of substrate to the biomass. 
The quantity of media could significantly influence mixing because of the changes in the 
amount of void space. Compared to 2/3 of reactor packed with media, a 113 packing 
increased the region where dispersive mechanisms occurred, resulting in a larger 
completely mixed zone. An increase of the media quantity therefore decreased the degree 
of mixing. The conclusion partly agreed with the earlier research results (Noyola et al., 
1988) that partial plug flow conditions were predominate in filters with full packing. 
Smith et al. (1996) argued that high substrate concentration, resulting from lack of 
dispersion, may inhibit bacterial activity out. On the other hand, excessive dispersion may 
result in short-circuiting of substrate. 
The results from a Ph.D project (Suja, 2004) supported the Smith et al. (1996) conclusion 
about the relationship between media and flow pattern. Suja (2004) also found that the 
media significantly reduced mixing intensity in the reactor and increased the volume of 
dead zone. The dispersive movement of fluid was limited only by boundary walls when 
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there was no media and thus the mixing intensity without media was significantly higher 
than that with media, which was confirmed by Reynold's numbers in the empty-bed 
column of the partial-bed reactor six to nine times higher than those of its packed bed. 
The dead zone in the partial-bed reactor was high because an extremely high upflow 
velocity of fluid in the lower column of the partial-bed reactor, indicated by the Reynold' 
number, was caused by the rising air bubbles jetted towards the packing media. The 
researcher hypothesized that as Reynold' numbers increase, the flow line could be 
straighten by passing stagnant eddies and hence increasing the dead zone volume. Suja 
(2004) suggested that the porosity of the media bed was affected by ORL, backwashing 
and aeration rate which not only affected oxygen transfer but also produced shear stress to 
erode biomass attached to the media. They observed that the BAF flow pattern was 
predominantly well mixed but there was a dead zone in the reactor. The size of the dead 
zone could be increased by the low upflow velocity and low aeration rate. 
Other work on the characteristics of media also indicated a significant part in biofilter 
hydrodynamics. Show and Tay (1999) studied three 15 L upflow anaerobic filters with 
different support media to examine the influence of support media on biomass growth and 
retention and their impact on system performance. It was suggested from their data that 
biomass may reduce the effective volume of the filter since the dirty-bed tracer peaks 
appeared much earlier than that in the clean-bed study. At high ORL, biomass washout 
had a more significant effect on system performance than short circuiting and clogging. In 
this study, the filter with the smooth surface media produced the highest SS effluent 
concentration which in turn to low COD removal efficiency (57%) which gave rise to the 
suggestion that the smooth surface media packed reactor could increase the extent of 
biomass washout and therefore decrease the COD removal efficiency. Since biomass and 
solid accumulation may reduce effective volume and increase short circuiting, comparing 
the filters by specific surface, porosity and pore size, the filter with the largest media pore 
size and porosity gave the lowest magnitude of short circuiting and hence highest COD 
removal efficiency (77%). It was concluded that media surface texture and porosity 
played a significant role in the performance of upflow anaerobic filters. Since biofilters 
were designed to achieve high retention of biomass for efficient and stable operation and 
the biomass retention was accomplished by immobilizing microorganisms as biofilm 
attached on the support media surfaces, it was suggested from these data that open-pored 
surfaces and high porosity of media should be considered as optimum for the retention of 
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biofilm both attached on the media surfaces and the suspended biomass trapped with as 
interstitial void spaces. 
3.4 THE EFFECT OF SHOCK LOADS ON BIOREACTORS 
INSTWS 
The operation of bioreactors need stable loadings to keep the reactors in good working 
conditions. However, steady loads at STW are rare and shock loading is a common but 
important issue for a STW to solve during operation. 
The sudden change of influent concentration, or organic shock loading, is able to 
eventually destabilise the performance of treatment systems. The degree of deterioration 
in performance depends on the duration and magnitude of the shock and the rate of 
adaptability of the microbes. During organic shocks the major factor limiting the overall 
reaction rate thus appears to be the kinetics of the biomass. The effect of higher biomass 
concentrations in aerobic reactors usually enhances their stability rather than improves 
COD removal. In contrast, during hydraulic shocks the rate of mass transfer of substrate 
into the biomass aggregates is likely to be the limiting factor (Nachaiyasit, 1995a). 
Consequently, the effect of these load variations on the treatment process is also an 
important issue worthy of consideration. 
Shock loads can be in two ways, which are, either as a short-term transient which only 
lasts a few hours, or as a longer-term change of days to weeks before reversion back to 
the original operating conditions. During short-term shock, the degree of deterioration 
change will depends on the duration and magnitude of the shock and the rate of 
adaptability of the microorganisms. The longer-term shock should lead to a new "steady 
state" which is identical to the original operating conditions in terms ofTOC removal and 
other parameters (N achaiyasit and Stuckey, 1997). The time to achieve steady state is 
proportional to biomass concentration, i.e. the higher biomass concentration in the 
reactor, the more stability for treatment. 
3.4.1 Short-term Shock Load 
Nachaiyasit and Stuckey (1997a) used an anaerobic baffled reactor (ABR) to study the 
effect of step and transient hydraulic shocks on reactors with an original HRT of 20 hrs 
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and original COD of 4 glL at 35 QC. A transient hydraulic shock to reduce the HRT to I 
hr for 3 hrs, the COD concentration of effluent rising to around 4 g1L demonstrations 
hardly any substrate consumed. It decreased sharply after the shock ended and the 
effluent concentration recovered to its original state. The phenomenon was perhaps due to 
the channelling occurring in the biomass bed in ABR. 
Similar result was reported by Amorim et al. (2005) who employed an anaerobic fixed-
bed reactor with a HRT of7 hrs to study organic shock loads at three times the operating 
organic load rate (from 6.8 to 18.8 kgCOD/m3.d) and lasted 7 hrs. The effluent COD 
rapidly increased after 3 hrs and reached its highest at between 8 and 9 hrs. The stability 
of reactor was restored about 17 hrs after the beginning of the shock loads. 
Wobus et al. (2000) proposed that the sequencing batch bioreactor (SBR) was better \0 
handle the shock loads than continuous flow bioreactor because the flexibility of the 
SBRs enabled prolonging the reaction time to handle fluctuations of influent. In addition, 
the application of the discrete operation of sequencing batch bioreactor resulted in a more 
homogeneous distribution of biomass. Mora et al. (2003) tested shock loads on 
endogenous denitrification. It seemed that SBR could be well adapted to withstand a three 
fold feed concentration shock (600 mglL COD and 20 mgN/L nitrate). Nitrate removal 
was kept at about 80% and the removal rate was approximately 0.87 mgN/g.h even during 
the sudden changes. 
However, the stability of SBRs has been challenged by some researchers. George and 
Gaudy (1973) studied the response of completely mixed continuous flow reactors to 
hydraulic shock loads and concluded that completely mixed activated sludge reactors with 
a mean HRT of approximately 8 hrs were able to accommodate a doubling of the 
hydraulic loads as a shock without deterioration in effluent quality. Lyssenko and 
Wheaton (2006) also suggested continuous flow may have good resistance to shocks. 
They used six 5.23 L biofilters (three trickling filters and three SAFs) filled with the 
media with a specific surface area of 498.7 m2/ml to study short-tenn (30 min) impulse 
impact oftotal ammonia removal. SAFs were slightly more efficient at ammonia removal 
than trickling filters. Therefore, the authors concluded that SAFs are less sensitive to 
certain disturbances since some mixing and dilution of incoming wastewater may take 
place inside SAPs. Trickling filters were sliglitly more sensitive to certain disturbances, 
perhaps due to the immediate impact between the bulk water and the biofilm as water 
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quality changes. The biofiIm and dilution of SAF protects the embedded bacteria from 
potentially harmful environmental conditions. Once favourable environmental conditions 
are resumed, the bacteria then regain their previous levels of nitrification. The actual rate 
at which a change occurs, as well as the magnitude of the change, may be important, 
especially with rapid changes. 
3.4.2 Long-term Shock Load 
Nachaiyasit and Stuckey (1 997b ) used an anaerobic baffled reactor to study the effect of 
shock loads on the performance of reactors with an original HRT of 20 hrs and original 
COD of 4 glL at 35°C. They doubled the feed concentration to 8 glL for 20 days at an 
HRT of 20 hrs and then increased the feed concentration further to 15 glL after the feed 
was then changed back to 4 glL for 30 days to reach the baseline performance of the 
reactor. The results of experiments showed that reactor was immediately able to adapt 
. double organic shock loads and maintained the same removal efficiency. But when the 
feed strength increased to 15 glL, the reactor showed distinct signs of overload although 
the removal efficiency decreased only slightly from 98% to 90%. The pH value initially 
rose and then dropped rapidly due to the accumulation of volatile fatty acids. While the 
efficiency of COD removal at steady state reduced to 90% if the HRTwas reduced to 10 
hrs from 20 hrs and the only 52% of the COD was removed at the HRT of 5 hrs. 
To investigate more severe organic shock load, Masse and Masse (2005) applied shocks 
to four anaerobic SBRs for treating slaughterhouse wastewater and found during the 
period that the soluble organic load was increased to 3.6 times at the normal load of2.60± 
0.36 TCODglL.d and remained 2-day HRT, effluent soluble chemical oxygen demand 
(SCOD), volatile fatty acid (VFA), and suspended solids (SS) concentrations were 
increased from 200, 58 and 249 mglL to 5626, 1642 and 10,723 mglL, respectively. 
However, performance recovered within 3 days to pre-shock load levels once normal 
operating conditions were resumed. During hydraulic shock load, effluent SCOD, VFA 
and SS concentrations were increased from 274, 37 and 407 mglL to 773, 338 and 5,501 
mglL, respectively when OLR was 5.29 TCODglLlday and 5.40 TCODglLlday and HRT 
was reduced to 1 day from 2 days. While the particulate organic shock loads (OLR was 
3.92 TCODglLlday and 6.25 TCODglLlday) had little and temporary effects on SCOD 
and VF A concentrations. High SS effluent concentration appeared in most overloaded 
reactors, sometimes up to 1 glL. It was worthy noticing that, during all shock load 
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experiments, a fraction of the VSS removed through effluent discharge was composed of 
undergraded colloidal solids fed with the substrate, which meant some pollutants was 
discharged without biodegradation. 
Full-scale plants also report favourable performance to organic shock loads. A STW at 
Pali in India treated 9.0 million Lid textile effluents from 767 small-scale textile 
industries. It has a flash mixer, a c1ariflocculator, an aeration tank and a secondary 
clarifier. The flow was increased by 20% but the average effluent BOD and SS 
concentration increased from 10 to 16 mg/L and 70 to 78 mg/L, respectively. When the 
influent concentration increased 30%, the effluent BOO and SS concentrations increased 
from 10 to 20 and 70 to 82 mg/L respectively. A second STW with similar processes to 
treat 6.0 million Lid at Balotra, India, also showed limited response to shocks for example 
when the flow rate increased 10%, the average effluent COD and SS increased from 170 
to 192 and 70 to 76 mglL, respectively. When there was a 20% increased flow rate, the 
average effluent COD and SS concentration increased from 170 to 204 and 70 to 80 
mglL, respectively. The plant could not however withstand a 30% increase of flow rate. 
Therefore, the typically bioreactors can tolerate less than 30% temporary increases in 
flow (Pophali et al., 2003). 
The literature have evidenced the bioreactors can handle the short-term and long-term 
shock loads and sometimes even tolerate triple ORL. To treat low biodegradable 
industrial wastewater such as textile effluent, the SAF could also withstand less than 30% 
temporary increases of feed flow. The steady performance of reactors thanks to their high 
biomass concentrations. Considered the high solid retention time for slow growing 
biomass and the high biomass concentrations, the ability of the SAF with wool fleece to 
treat the shock loads will be studied in this project. 
3.5 OESTROGEN REMOVAL BY CURRENT SEWAGE 
TREATMENT TECHNIQUES 
The last two decades have witnessed growing scientific and public concerns over the 
potential adverse effects of persistent organics on the endocrine system in wildlife and 
46 
Chapter 3: Literature Review 
humans. These chemicals are active at the ng/L concentration and are named endocrine 
disrupting chemicals (EDCs). 
In 1994, Purdom et al. reported the oestrogenic potential of sewage treatment (STWs) 
effluents, which evidenced the EDCs are present in surface water system. Further 
research published by the UK Environment Agency (2002) into the causes and 
consequences of oestrogenic effects in fish reported that certain sewage effluents can 
cause permanent changes in the sexual organs of male fish and that these effects could be 
observed in a range of coarse fish. Young fish were particularly vulnerable but some 
effects got worse with age and exposure. Male fish with more than moderate changes in 
their sexual organs are less able to reproduce. This disruption may affect fish population 
densities and ultimately the whole ecosystems. It was thought to be the result of 
incomplete removal ofEDCs during sewage treatment process. 
Work by Desbrow et al. (1998) indicated that it was the natural steroid hormones (I7~­
oestradiol, oestrone) and the closely related synthetic pharmaceutical steroid hormone 
(l7a-ethinyl oestradiol) that were the most oestrogenic components in domestic sewage 
effluent. In vitro tests revealed that these compounds were active at low concentration and 
less than 1 ng/L 17a-ethinyl oestradiol could cause oestrogenic effects in fish. Apart from 
that, they also acted in an additive manner in fish exposed to a combination of these 
substances simultaneously. These hormones were subsequently classed as priority 
chemicals that would need to be regulated by Environmental Quality Standards (Butwell 
et al., 2001), they were also listed for research priority by the EU (Commission of the 
European Communities, 2001). 
The oestrogenic activity of steroid oestrogens has been compared by in vitro and in vivo 
methods. In vitro tests using a yeast-based bioassays for oestrogenic activity revealed that 
a concentration of 11 ng/L E3 would be equivalent in biological activity to 0.03 ng/L E2, 
i.e. E2 was over 300 times more oestrogenically active than E3 (Desbrow et aI., 1998). It 
was concluded therefore that both the type of oestrogens and the concentrations are 
important in deciding the environmental impact and effect on fish. In vivo tests 
demonstrated that E2 was between 2 and 5 times more potent than EL In these tests, adult 
male rainbow trout (Oncorhynchus mykiss) and roach (Rutilus rutilus) were exposed to 
the relevant concentrations of E2 and El present for 21 days (Routledge et al., 1998). 
EE2, the synthetic oestrogen, was found to be more potent than the three natural 
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oestrogens. Concentrations as low as 0.1 nglL were shown to induce femine 
characteristics by elevation of plasma vitellogenin (VTG) in trout (Purdom et al., 1994). 
The threshold concentration in a rainbow trout to E2 was between 1-10 nglL (Routledge 
et al., 1998). As before the results also indicated that their oestrogenic effect were 
additive, so that any standards for the oestrogenic activity would have to be considered in 
combination (Routledge et al., 1998). A total oestrogen concentration equation was 
developed as Equation 3-3 (Butwell et al., 2005) for the National Standard. In this 
equation, the total oestrogen concentration was expressed as E2 equivalent, assuming that 
the oestrogenic potential of EE2 is 10 times of E2 whilst that of El is only 113 of E2 
given the same concentration. 
Total oestrogen concentration (nglL) = 10x [EE2] + [E2] + [El]!3. 
Where [EE2] = l7a-ethinyl oestradiol concentration (nglL) 
[E2] = oestradiol concentration (nglL) 
[El]= oestrone concentration (nglL) 
Equation 3-3 Total oestrogen concentration equation 
Evidence linking sewage effluent and chemicals such as oestrogens with intersex in wild 
fish is quite reviewed in the literature by Desbrow et al. (1998) for example. Uncertainties 
still remain on the effect on ecological biodiversity and on the ability of wastewater 
treatment processes to remove oestrogens. A National Demonstration Programme has 
been undertaken in the UK funded by OFW AT to improve removals at STW and improve 
the economic analysis for future investment (Butwell et al., 2005). 
Thus the EDCs would make useful model compounds for this research on the potential of 
SAF for oestrogen removal. Specifically, the pharmaceutical oestrogens are oestrone, 
17~-oestrodiol and 17a-ethinyl oestrodial, the three substances that are going to be 
regulated. 
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3.5.1 Basic properties of steroid oestrogens 
HO 
Oestrone (E 1) Oestradiol (E2) 
2 
HO 3 
Ethinyl oestradiol (EE2) 
HO 
4 6 
Oestriol (E3) 
12 
16 
.J----1JS 
Cyclopentanophenathrene ring 
Figure 3-4 The chemical structure of natural and synthetic oestrogens 
OH 
Figure 3-4 illustrates the basic ring structure of steroid oestrogens, which consist of three 
hexagonal rings (ring A, B and C) and one pentagonal ring (ring D). The steroid 
oestrogens are characterized by their phenolic ring (ring A), which renders the sparsely 
soluble 3-hydroxyl acidic and responsible for biological activity (Makin et al., 1995). 
Oestrogens are also referred to as CI8 steroids, as they have 18 carbon atoms within their 
structure (Makin and Heftmann, 1998). They can be natural and synthetic ones (Figure 
3-5). 
Steroid oestrogen 
Natural 
{
Oestrone (El) 
17~-oestradiol (E2) 
Oestriol (E3) 
{ 
17a-ethinyl oestradiol 
Synthetic 
Menstranol 
Figure 3-5 Natural and synthetic steroid oestrogens 
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The lipophilic cyclopentanophenanthrene ring is modified by the addition of hydrophilic 
groups to form different steroids (Makin et al., 1995). In the case of the three natural 
oestrogens - oestrone (El), 17p-oestradiol (E2) and oestriol (E3), hydroxyl and carbonyl 
groups are added. While ethinyl groups are found in the structure of the synthetic 
oestrogen, i.e. 17a-ethinyl oestradiol (EE2), which is a component of contraceptive pills 
to increase activity and shelflife. 
The physicochemical property parameters of steroid oestrogens are given in Table 3-6. 
The log octanol/water coefficient (log Kow) values for the free oestrogens range from 2.81 
to 4.15, and are hydrophobic and only sparsely soluble in water. These compounds 
therefore should readily bind to suspended solids and be easy to be removed from the 
aqueous phase to the solid phase by hydrophobic binding (Lai et aI., 2000). This will be 
investigated in this research. In Table 3-6 the physicochemical properties for fate and 
behaviour study are also given. 
Table 3-6 Steroid oestrogen chemical and physical properties 
He (J) 
Oestrogen Aqueous solubility LogKow (mg/L) (atm m 3/mol) 
Oestrone (El) 12.42(1) 3.43(1) 6.2xlO-7 
17p-oestradiol (E2) 12.96(1) 3.94(1) 6.3xI0-7 
Oestriol (E3) 13(2) 2.81 (2) 2xlO-ll 
17a-ethinyl oestradiol (EE2) 4.83(1) 4.15(1) 3.8xlO-7 
(1). Tabak et al., 1981, (2). Lai et al., 2000, (3). Henry's law constant, Lai et al., 2002 
Esterification with glucuronic or sulphuric acid alters the partition coefficient. The 
sulphate and glucuronide conjugates are hydrophilic, although they retain some solubility 
in organic solvent (Makin et al., 1998). Figure 3-6 gives the chemical structures of the 
most commonly reported steroid oestrogen conjugates. 
Based on the studies of oestradiol, several structural requirements for oestrogenicity were 
identified (Jodan et al., 1985). The relative position of the phenolic hydroxyl group (-OH) 
on ring A were considered to be crucial for high-affinity binding to the oestrogen receptor 
(ER) in vivo. The alkyl substitution of the 3-phenolic OH group of an oestrogen reduces 
receptor binding, although this can be altered by metabolic activation. Structure-activity 
relationships studies suggested that when E2 is bound to the oestrogen receptor, there is 
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only a close fit at the A-ring end of the steroid. The most potent antagonists possess 
phenolic rings capable of mimicking the E2 A-ring structure and so achieving a high 
binding affinity to the ER (Deaux et al., 1987). 
o 
11 
o=s=o 
11 
o 
OH OH 
~O 
OH OH 
o 
CH, 
Oestrone-3-sulphate 
Oestradiol-3-glucuronide 
o 
o 
11 
o=s=o 
11 
o Oestradiol-3-sulphate 
OH OH 
cfY/vo 
OH OH Oestrone-3-glucuronide 
12 OH 
rYYV0 
OH OH 
Oestradiol-17-g1ucuronide 
Figure 3-6 The most commonly reported steroid oestrogen conjugates 
3.5.2 Removal mechanisms in sewage treatment 
Deconjugation 
The majority of these oestrogens are excreted from the human body within urine in a 
biologically inactive, conjugated form (predominantly as glucuronides and sulphates). 
However, the free oestrogens are observed in STW effluent, which indicates 
deconjugation occurres at some stage during or prior to sewage treatment. 
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Lombardi et al. (1978) spiked prepared faecal samples with 17~-oestradiol-3-glucuronide 
(E2-3-G) and oestrone-3-sulphate (El-3-S), and observed that the complete deconjugation 
occurred following a 24 hrs aerobic incubation. These data indicate that the conjugated 
oestrogens, both sulphate and glucuronide, excreted with the bile would be deconjugated 
by the natural intestinal flora possibly even prior to excretion from the bowel. 
Panter et al. (1999) studied the oestrogenic effects of E2-3-G on fish before and after 
biodegradation using two laboratory systems simulating the activated sludge process. The 
semi-static system had the HRT of 12 hrs and SRT of 20-30 days, and a continuous-flow 
system with a HRT of 14 hrs. Fish plasma VTG and gonadosomaticindex (GSI) showed 
that deconjugation of E2-3-G to the more potent oestrogenic substances had occurred. 
However, whether these breakdown products were the free E2 which triggered similar 
VTG and GSI responses results in fish was not confirmed by chemical analysis. 
Temes et al. (1999a) conducted aerobic batch experiments to investigate the behaviour of 
E2 glucuronides using GC-MS-MS analysis. Diluted activated sludge with a mixed liquor 
suspended solids of 2600 mglL was spiked. At the 1.65 flglL level (equivalent to 1 flglL 
as unconjugated E2), l7~-oestradiol-17-(~-D-glucuronide) and 1 7~-oestradiol-3-(~-D­
glucuronide) were cleaved in 15 min with the active releasing of El and E2. After 20 hrs, 
most of the glucuronides had been converted to the active oestrogens. An increase in the 
concentration of E 1 was attributed to the conversion from E2 by oxidation. It was found 
in a repeat experiment that more than 95% of the E2 vanished whereas the concentration 
of El increased after 1-3 hrs at both spiking concentration of 1 flglmL and 1 nglmL. 
When spiked at the level of 1.65 nglL (corresponding to 1 ngIL unconjugated E2), 17~­
oestradiol-17-(~-D-glucuronide) was deconjugated readily. After 5 min, approximately 
50% were detected as El, and after 24 hrs neither El nor E2 were present above the 
detection limits. In order to confirm the presence of the glucuronidase activity of the 
activated sludge, the authors used fluorescence detection to monitor the cleavage of 4-
methylumbeIIiferyl-~-D-glucuronide (MUF-~-glucuronide). After 6.7 hrs, approximately 
19% of the glucuronide conjugates were cleaved, supporting the theory that there was 
continued deconjugation of E2 in STW. Based on the results, it was proposed that in a 
real STW, the microorganisms present would have the enzyme to deconjugate oestrogen 
glucuronides. The total HRTs of STWs are usually greater than 20 hrs, and those of 
activated sludge (AS) stage are more than 10 hrs, thus whether the retention time is 
sufficient enough to cleave all glucuronide conjugates still requires further work. 
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Wegener et al. (2001, cited in UK WIR report No. 021TXl04!5 2002) reported the 
immediate increase in free E2 and El concentrations when spiked 1 flg/L E2-l7-
glucuronide (E2-l7-G) into STW activated sludge. Oestrogenic activity also increased 
until it reached its maximum at day 6, after which, a reduction was observed for both 
parameters, which were considered the result of complete degradation. The presence of 
both E2 and El from the E2-l7-G conjugate indicated that El was a breakdown product 
of the metabolism of E2, as had been confirmed by some experiments (Temes et al., 
I 999a). 
Belfroid et al. (1999) measured levels of the glucuronides of El, E2 and EE2 in ASP 
effluent samples from five STWs and from a number of surface water locations. By 
conducting a deconjugation step prior to GC-MS-MS analysis and comparing with 
effluents which had not undergone this deconjugation step, most surface water and 
, 
effluent samples treated with the enzyme ~-glucuronidase did not show increased levels 
of oestrogens in the matching samples. The glucuronides were not present in 
concentrations above the limit of detection. It was concluded therefore that glucuronides 
were cleaved early during ASP. 
A similar study conducted by Huang and Sedlak (2001) who used enzymatic hydrolysis to 
release free oestrogens in the STW effluent samples before GC-MS-MS analysis. They 
then compared the measured free oestrogen concentrations with those of matching 
samples. Only 2% conjugates were identified in all samples analyzed (75% of the STW 
effluent samples). 
D' Ascenzo et al. (2003) carried out a laboratory test in order to evaluate the 
deconjugation rate of oestrogens in domestic sewage. They tested 8 conjugated forms of 
oestrogens added at a concentration of 25 I-lg/L to wastewater samples taken from a septic 
tanle It was observed that different kinds of glucuronide oestrogens exhibited different 
deconjugation behaviour. 10% decrease was observed in the A-ring glucuronides (E3-3G, 
EI-3G and E2-3G) (see Figure 3-5 structure of steroids) after 2.5 hrs, but not in the two 
D-ring glucuronides (E3-16G and E2-17G) which showed some initial resistance to 
deconjugation but then deconjugated rapidly. After less than I day, all glucuronide 
oestrogens were undetectable in the test liquor. Therefore, results of several weJl-
controJled studies supported the rapid (less than 10 hrs) breakdown of the glucuronides. 
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In contrast to the glucuronide conjugates, little research seems to have been performed 
into the fate and behaviour of the sulphate conjugates. Strictly anaerobic desulphating 
bacterial strains have been isolated from human faeces which were capable of cleaving 
EI-3-sulphate and E2-3-sulphate. The release of sulphate was believed to be associated 
with its use as a terminal electron acceptor by these bacteria under strictly anaerobic 
conditions (Van Eldere et aL, 2000, cited from Butwell et al., 2001). 
In the study conducted by D' Ascenzo et al. (2003), the oestrogen sulphate was found 
much more recalcitrant than glucuronide ones. The deconjugation of E2-3S and EI-3S 
were found but only after an initial 10 hrs of lag phase, and their concentration halved 
after approximately 6 days. E3-3S was found to be the most resistant species, with a lag 
. phase of 70 hrs and a half life of 5 days, which completely disappeared from the aqueous 
phase after 8 days. The authors attributed this to the scarce arylsulfatase activity in 
domestic wastewater (Johnson and WilIiams, 2004). Therefore, in summary the results of 
several well-controlled studies supported the idea that there is rapid (less than 10 hrs) 
biotransformation of the glucuronides but less rapid breakdown of the sulphate 
derivatives. 
D'Ascenzo et al. (2003) conducted a study for natural oestrogens (El, E2 and E3) and 
their glucuronide and sulphate conjugates in urine, condominium tanks and then during 
the whole STW treatment in Rome of Italy. The authors found that free oestrogens were 
never detected in urine samples apart from some E3 during pregnancy. Oestrogen 
sulphates represented 2 I % of the total conjugated oestrogens in urine, and this percentage 
changed to 55% of the conjugates during storage in the condominium collecting tank 
where measurable amounts of free oestrogens were then also detected. It was shown that 
deconjugation continued in the sewers, as free oestrogens and SUlphate conjugates were 
detectable in STW influent samples. However, the direct correlation of deconjugation and 
the release of free oestrogens as a mass balance are worthy of further research, as the 
cleavage of col\iugates may not always produce oestrogenic free oestrogens. The STW 
they tested (D'Ascenzo et al., 2003) removed free and conjugated oestrogens with high 
efficiency (84-97%), except for El (61%) and EI-3S (64%). The El behaviour was 
similar to those already noted (Baronti et al., 2000). 
It was also proposed that E I appeared to the most important natural endocrine disrupter, 
because although El is around half the oestrogenic potency compared to E2, the 
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measured El level was more than 10 times of E2; and because of its persistence, a certain 
amount of EI-3S could still be converted to free El in the aquatic environment. Due to 
the Iow oestrogenic potential of E3, it will not be regulated (Baronti et aI., 2000, Metcalfe 
et al., 2001), and for this reason it is not considered in this research. 
Biodegradation 
Severn Trent Water in the UK sponsored a study to investigate oestrogenic activity in 
rivers and drinking water. There was little or no trace of substances that were oestrogenic 
in raw water intakes, or in the final drinking water, even in waters receiving significant 
amount of sewage effiuent in the UK (FaweII et al., 2001). More recent, work monitoring 
STW effiuent discharges and surface water have also reported oestrogenic activitiy in the 
receiving water (Desbrow et aI., 1995; Belfroid et aI., 1999; Larsson et al., 1999; Temes 
et al., 1999; Svenson et al., 2003). 
Furuichi et al. (2004), for example, surveyed Tama River of Japan. The concentration of 
El and E2 was 17.1-107.6 ng/L and 2.6-14.7 ng/L. EE2 was present only at very Iow 
concentration in the water but the contraceptive pills can only be purchased with a 
medical prescription in Japan. Oestrogens have also been identified in the surface water 
body of some European countries and the related data are given in Table 3-S. The 
oestrogen levels in STW effiuent are also given in Table 3-7. 
Table 3-7 The effiuent concentration ofE!, E2 and EE2 in some countries 
STWeffiuent number El (ng/L) E2 (ng/L) EE2 (ng/L) 
UK 7 I-SO 1-50 0-7.0 
Dutch 3 <0.4-47 <0.6-12 <0.2-7.5 
Germany 16 <70 <3 <15 
Canada 10 4S 64 42 
Sweden 1 5.S 1.1 4.5 
Ref: Be1frOld et al., 1999; Desbrow et al., 1998; Larsson et al., 1999; Temes et al., 1999 
55 
Chapter 3: Literature Review 
Table 3-8 The status of oestrogen pollution in European countries (Svenson et al., 2003) 
Area E2 EE2 
Netherlands <0.3-5.5 <0.1-4.3 
Italy: river Tiber 0.11 0.04 
15 rivers and streams in Germany <LOQ <LOQ 
Temes et al. (1999a) compared STW performance in Brazil and Germany and reported 
99.9%, 83% and 78% of the E2, El and EE2 removal, respectively from raw sewage 
without settlement in an aerobic tank at a WWTP in Brazil; but in contrast only 64% of 
, 
the E2 and almost none of the El and EE2 were biodegraded during aeration in a plant in 
Germany. 
Nakada et al. (2006) investigated five municipal sewage treatment plants in Tokyo, 
consisting of primary treatment and activated sludge process, md found the average 
removal efficiency of El, E2 and E3 were 86%, 90% and 100%, respectively, with HRT 
of7.l-9.4 hrs and SRT 00.8-8.4 days. 
In Ontario of Canada, three municipal WWTPs with conventional activated sludge 
process showed complete removal of E2 and about 80% reduction of El when average 
influent concentrations ofE2 and El were 8.3 ng/L and 29.5 ng/L, respectively (Lishman 
et al., 2006). 
In Swedish domestic sewage treatment plants, the total oestrogenic compounds were 
removed from 1.6-30 ng/L in the influent to <0.1-15 ng estradiol equivalents/L in the 
effluent (Svenson et al., 2003). 
Ternes et al. (1999b) following the field study used well controlled 20 mL lab-scale 
aerobic batch reactor with activated sludge to study the behaviour of oestrogens. E2 was 
quickly degraded after spiking at I ~glmL and 1 nglmL, respectively. After 3 hrs, more 
than 95% E2 was reduced and almost quantitatively oxidized to El. 50% of the El was 
uniformly biodegraded during the first 24 hrs from the I ~glmL concentration. EE2 was 
found to be mainly stable under the aerobic condition of an activated sludge process. Only 
20% EE2 at an initial concentration of 1 ~glmL or I ng/mL was reduced after 48 hrs and 
24 hrs, respectively. 
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Layton et a1. (2000) employed a 14C assay for analyzing the removal of steroid oestrogens 
from sewage, as the release of 14C02 was regarded as the evidence of ring cleavage 
breakdown and inactivation of the steroid molecule. 14C-Iabelled El 99 f.lglL and E2 58 
f.lglL as well as EE2 72 IlglL were spiked into activated sludge samples taken from 
aeration tanks of four USA municipal STWs and one industrial system. It was observed 
that the mineralization of 14C_E2 was similar in all sludges with an average of 74.2% 
(±5.8) being oxidized and appearing as C02 after 24 hrs for all 4 STWs. In the killed-
controls, where biological activity was removed, only 0.1 % (±O.l) ofthe l4C was found in 
the gas phase, while 52.9% (±6.7) ofthe 14C_E2 was still in the aqueous phase and 28.8% 
(±14) was attached to the solids. This comparison revealed that activated sludge was able 
to adsorb oestrogens in the liquid phase, but that bioactivity was critical for the effective 
mineralization. This conclusion was also supported by results from the comparison 
between municipal and industrial activated sludge. In the municipal STW activated 
sludge, 84% 14C_E2 and 85% 14C_El was mineralized to 14C02 in 24 hrs, whilst in the 
industrial activated sludge, only less than 4% of the steroids were degraded. The 
considerable differences indicated that the industrial activated sludge were not adapted to 
biodegrade the steroid oestrogens. Layton et al. (2000) also compared the percentage of 
mineralization ofEE2 (20.2%±11) with E2 (75.2%±5.0), as well as the temperature effect 
on their first-order rate constant for mineralization to 14C-C02 (Table 3-9). The results 
presented confirmed previous work in that synthetic oestrogen was more persistent to the 
biodegradation. The temperature could effectively affect the oestrogen removal 
performance as well as organic removal. 
Carballa et al. (2004) studied the removal behaviour of pharmaceuticals, cosmetics and 
hormones in a STW in northwest of Spain, with the population equivalent of 
approximately 100,000. 20% E2 was removed in the primary treatment, and 47% was 
removed during bio-treatment using conventional activated sludge. The overall removal 
was 65%, but the removal of El was negative as reported previously due to the partial 
oxidation of E2 to El in bio-treatment. 
10hnson et al. (2005) confirmed that E2 removal efficiency is higher than El in STWs 
effluents since E2 could be rapidly biodegraded to El which was then more persistent. 
Therefore, although El only has half the oestrogenic potency ofE2, the amount of the El 
discharged from STPs into the receiving water was more than ten times larger than E2. 
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Table 3-9 First-order rate constants for the removal of oestrogens 
in Layton et al. (2000) study 
Rate constant k for mineralization to 14C_C02 (l/min)' 
Temperature CC) E2 EE2 
5-10 0.0029 (±0.0002) (?=0.89) 
0.0001 (±O.OOOO) 
(r2=0.98) 
22-25 0.0042 (±0.0002) 0.0002 (±O.OOOO) (?=0.92) (?=0.96) 
Rate constant k' for removal of 14C from aqueous phase (l/min)b 
Temperature CC) E2 
. 
EE2 
5-10 0.0024 (±0.0002) (r2=0.80) NCO 
22-25 0.0036 (±0.0016) NC 
. (?=0.92) 
·14, a). k (l/mm) was calculated from the Imear regressIOn usmg the formula In [Co ( C-compound)-C 
C4C-C02)] =kt; b). k' (l/min) was calculated from the linear regression using the formula 
In[CC4C-compound in aqueous phase)]=k't; c). not calculated 
Similar oestrogen conversion from E2 to El was also observed by Temes et al. (l999b) 
who investigated the removal of oestrogen by the aerobic microbial reactor with activated 
sludge taken from the old Wiesbaden plant and found halflife time of E2 was 0.2 hrs at 
20°C at a I IlglL starting concentration and a total TSS concentration of 0.52 glL of 
activated sludge. While EE2 was not degraded within 24 hrs at an initial concentration of 
1 nglmL and within 48 hrs at the initial concentration of 1 IlglmL. They also found 95% 
E2 was rapidly transformed to El within 1-3 hrs and, while no El was biodegraded 
within 4 hrs, 50% of El was removed after 24 hrs. The El removal rate was found to be 
directly proportional to HRT and SRT. 
Therefore to summarize the literature on biodegradation and biotransformation of the 
oestrogens the following can be concluded. E2 is rapidly (in less than 10 hrs) transformed 
to El but which then degrades according to a first order equation at between 50-80% 
removal in 24 hrs depending on temperature and culture activity. The degradation of the 
synthetic oestrogen EE2 was poor in all the work with the maximum recorded as 20% 
removal in 24 hrs with well controlled conditions. 
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Bioadsorption 
In wastewater treatment, biosorption and biodegradation are major processes responsible 
for oestrogen removal. Biosorption can be defined differently from the bioaccumulation 
of pollutants by actively growing cells. Oestrogens should be absorbed in the lipid 
fractions or biosorbed by microorganisms according to their partition coefficient. 
Although the high cost ofbiomass pre-treatment for adsorption, immobilization and poor 
mass transfer kinetics of organics uptake are the major drawbacks ofbioadsorption (Aksu, 
2005), success using bioadsorption as a removal process has been reported with some 
positive results (Ffuhacher et al., 1999; Lai et al., 2000; Tahigami et aI., 2000; Temes et 
al., 2004; Suzuki and Maruyama, 2006). 
Tahigami et al. (2000) reported that the oestrogen activity in the aqueous phase was 
reduced by 1000 times leaving an effluent concentration ofE2 of 0.12 ng/L. Tahigami et 
al. (2000) suggested that the oestrogens were to be accumulating in the sludge and 
reduced through subsequent biological treatment processes. Layton et al. (2000) also 
observed that after mixing of the fresh sludge (2-5 g/L) with EE2 for one hour, only 20% 
of labelled EE2 remained in the aqueous phase, but no mineralisation took place. Thus 
80% would appear to have bound to the sludge. In comparison 90% 14C_E2 was found 
removed from the aqueous phase whilst only 84% was mineralized to 14C_COz, the 
difference was considered to be the result ofbiosorption onto the sludge. 
However, this idea was challenged by earlier results from two studies in Germany. 
Fiirhacher et al. (1999) investigated the distribution between the aqueous and solid phase 
of E2 in the ng/L range in wastewater and found that the majority of E2 still existed in the 
liquid phase after an HRT of 24 hrs. Another study carried out by Kiimer et al. (2000) 
showed that the removal efficiency of oestrogens was 90% at the E2 equivalent 
concentrations of 58 and 70 ng/L in the feed while less than 3% of oestrogen activity 
appeared in the sludge. 
For further research on biosorption of oestrogens onto activated sludge was carried on by 
Lai et al. (2000). The work mixed 0.1 llg/mL oestrogens (El, E2, E3, and EE2) with 3 g 
dry weight of sediment from the Blackwater estuary. There was an initial rapid sorption 
(4.0-9.4 ),tg/g.h) during the first 0.5 hr, followed by a period up to I hr of slower sorption 
(1.5-2.9),tg/g.h), and then a steady decrease in sorption (0.07-0.37 )lg/g.h). The decreased 
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amount of adsorbed oestrogen over the 5 hrs was thought to represent an equilibrium 
between adsorption and resolubilisation. The sorption coefficients of El, E2, E3 and EE2 
on sediment were 1.73, 1.56, 1.33 and 1.72, respectively. In theory the available sorbent 
binding sites and competition for binding sites affect the amount of adsorbed oestrogens. 
The removal of oestrogens was higher in saline water than in fresh waters, possibly giving 
some indication of the importance of ionic binding sites. 
Suzuki and Maruyama (2006) in Japan used activated sludge collected from a municipal 
STW using two oxidation ditch tanks as inoculums for two model reactors to investigate 
the bioadsorption and biodegradation mechanisms of oestrogens in batch mixing 
experiments. The concentration values of E2 and El in the liquid phase were reduced 
immediately after beginning the batch mixing experiment and were non-detectable after 6 
hrs. The adsorption of E2 and El onto sludge solids from the liquid phase could explain 
the immediate decrease in E2 and E I concentration in the liquid phase. Most of the E2 
and El adsorbed onto the activated sludge were decomposed within 2 hrs. There was little 
removal of oestrogens by adsorption and decomposition with control sterilized sludge 
indicating that viable microorganisms played a major role in the adsorption of oestrogens. 
Although the removal of El and E2 was dependent on microbial activity and irrelative to 
the sludge load, The research also noted that E2 and El value in the liquid phase 
decreased more rapidly using low-load sludge decreased more than using high-load 
sludge, and were removed to below the detection limit within I hr after mixing. 
Temes et al. (2004) studied the sorption of EE2 using a German STW serving a 350,000 
population equivalent. EE2 exhibited a sorption of 4% and 12% for primary and 
secondary sludge respectively at an initial concentration of 1.7 11g/L. Microorganisms 
dominated secondary sludge and were a better adsorbent than the primary sludge, 
confirming Suzuki and Maruyama (2006) that the composition of sludge seemed to be 
crucial. A quick adsorption of EE2 by sludge «20 min) was also reported by Urase and 
Kikuta (2005). EE2 has the most hydrophobic nature and should transfer easily from the 
water to the sludge phase, resulting in higher degradation rate. In practice the review in 
the previous section indicated the removal ofEE2 was the slowest ofthe oestrogens. 
The results showed that activated sludge has good biosorption ability for both natural and 
synthetic oestrogens. The review also showed that viable microorganisms are critical for 
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the continued biosorption. This is supported by theory which indicates adsorption will be 
limited by the available binding sites and competition for binding. 
Inert Sorption 
Another possibility for EDCs removal is onto standard adsorbents, e.g. activated carbon, 
clay, sand, etc. As for adsorption reactors there are four stages to diffusion: 
• Film diffusion: migration of adsorbate from the bulk solution to the external 
surface of the adsorbent. 
• Diffusion of the adsorbate transport within the adsorbent through the boundary 
layer to the surface of the adsorbent, excluding the small amount of adsorption 
remaining at the external surface of the adsorbent. 
• Internal diffusion of the adsorbates into the interior pores of the adsorbent particle. 
• Adsorption of adsorbate at an active site on the surface of the adsorbent. 
Free oestrogens should be partitioned from aqueous phase due to their low water 
solubility and their high 10gKow (see Table 3-5). Karickhoff and Morris (1985) and 
Sawhney and Gent (1990) proposed that the sorption process onto clay minerals occured 
in two distinct stages. The first rapid initial sorption onto external surface (within seconds) 
and a second slower uptake which lasts a period of days and occurs due to slow diffusion 
into intra-aggregate micropores. Emmerik et al. (2003) also observed the process by 
studying the adsorption capacity of E2 onto three clays, kaolinite, ilIite and 
montmorillonite, and goethite, a type of iron hydroxide mineral (a-FeO(OH». At the 
beginning of sorption by illite, kaolinite and montmorillonite, the uptake of E2 was rapid 
and then slowed down after a period of 3 days. The sorption ability decreased in the order 
montmorillonite » kaolinite > illite » goethite. No effect of pH on the sorption of E2 
was observed except for goethite, which had max sorption ability between pH 7 and 7.5. 
the desorption of the sorbed E2 decreased in the order goethite > kaolinite > iIIite > 
montmorillonite. During the desorption process, E2 desorbed totally from goethite but 
rarely from montmorillonite. An interpretation of these results were that the sorption by 
goethite was more polar and therefore less successful. 
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Zhang and Zhou (2005) studied the removal of El and E2 by several adsorbents from 
wastewater. The adsorption constant (KD) of a chemical depends on the physiochemical 
properties of the chemical and the sorbent. Less polar compounds exhibited higher 
adsorption on sediments. Supporting this analysis as Table 3-10 showed, the adsorption 
capacities of selected adsorbents to give a range in polarity were in the following order: 
carbonaceous adsorbent > granular activated carbon > ion-exchange resin > chitin > 
chitosan. The adsorption process was rapid for the carbonaceous adsorbents and slow for 
the ion-exchange resin. The authors suggested that the faster adsorption of carbonaceous 
adsorbent than GAC was due to the smaller size of carbonaceous adsorbents, which 
prepared from slurry waste from fertiliser plants in ltidia with a surface area of 380 m2/g 
and particle size of 100-250 mesh. The slightly lower adsorption of GAC in wastewater 
than that in pure water was due to competitive binding to GAC. Especially the presence 
of surfactant and humic acids negatively affected the adsorption capacity of GAC. 
Table 3~1O Adsorption of El and E2 by selected adsorbents 
El E2 
Adsorbent Adsorption Equilibration Adsorption Equilibration 
constant constant 
(KD) (mglL) duration (KD) (mglL) duration 
Carbonaceous adsorbent 
prepared from industrial 87500 2 hrs 116 xl03 7 hrs 
waste 
GAC in distilled water 9290 25 hrs 12200 125 hrs 
GAC in wastewater 8256 4hr 7988 4 hrs 
Ion-exchange resin 2560 71 hrs na na 
Chitin (natural 88 Id na na polysaccharide) 
Chitosan (hydrophilic, 23 2d na na 
natural cationic polymer) 
na: not aVailable 
Fiierhacher et al. (200 I) tested the removal of E2 in water treatment using granular 
activated carbon (GAC). The achievement was minor since the concentration of E2 was 
too low «0.1 nglL) at the detection limit. It was found that E2 was quickly adsorbed to an 
equilibrium concentration after 50-180 min. 
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Fukuhara et al. (2006) tested the adsDrbability Df Eland E2 DntD eight different types Df 
commercial activated carbDns (ACs) in pure water. The Freundlich adsDrptiDn CDnstant K 
fDr El and E2 adsDrption isotherms at equilibrium concentration Df 1 ~g/L were in the 
range of25.6-73.5 mg/g and 21.3-67.6 mg/g. This indicated that the adsorbility DfE! was 
8% greater than that ofE2. The difference for adsorbility between El and E2 could be the 
hydrophobicity of C=O in El, which is slightly higher than C-OH, the hydrDxyl group in 
E2. HydrophDbicity is therefore a factDr that affects the adsDrbability ontD AC in aqueDus 
sDlution. 
Rudder et al. (2004) used three bioreactors (UBRs) respectively filled with sand, 
granulated activated carbon (GAC) and Mn02 to study the removal of EE2. Tap water 
spiked with 15 Itg/L of EE2 was filtered through the reactors with a HRT of 1 hr. The 
adsorption of GAC was 163.5 Itg/g at an average influent concentration of 13.8 Itg/L. The 
adsorption capacity of MnOz was 2 ~g/g MnOz at an average influent concentration of 
12.2 Itg/L. Due to its catalytic properties MnOz showed higher removal of EE2 than could 
be predicted from its adsorption capacity, but this property of MnOz needs further 
investigation. The removal efficiency of EE2 decreased in the order GAC (>99.8%) > 
MnOz (8l.7%) > sand (17.3%). 
Activated carbon adsorption methods entrap materials on the highly pDrous carbon 
surface. Activated carbons are made gained from materials with a high carbon content 
and possess a great adsorption capacity due to their porous structure. Activated carbons 
are universally used to adsorb refractory organics in water and wastewater treatment. 
Activated carbon has been suggested as a suitable option to remove the oestrogens 
(National Demonstration Programme). But it is non selective for the adsorption of 
organics, is expensive and the sustainability cost for regeneration is also high. Some 
researchers even found that the GAC is difficult to regenerate and finally tends to saturate 
after as adsorbent for E2 (Le Noir et al., 2007). Therefore, other adsorbents have been 
developed and other methods to remove oestrogen have been investigated. 
Other methods 
Superoxidation is another common method of treating persistent organics. Lee et al. 
(2004) studied the oxidation effect of chlorination on the removal ofE2 and found that E2 
was damaged at a chlorine level of I.S mglL after 36 hrs, but the disadvantage was the 
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formation of chlorination by-products. Huber et al. (2005) used chlorine dioxide (CI02) 
for the oxidation of pharmaceuticals including oestrogens. They found CI02 was 
relatively effective in oxidizing antibiotics and oestrogens. The reaction of CI02 with 
oestrogens, El, E2 and EE2, was so fast that it was not possible to differentiate rate 
constants. 
Ozone has also been used to remove oestrogens. Temes et al. (2003) used ozonation to 
treat municipal sewage containing 15 ng/L of estrone. Ozonation increased the number of 
functional groups and the molecular polarity so that the hydroxylated oestrogens lost their 
affinity for the oestrogen receptor and thus significantly reduced the oestrogenic activity. 
Oestrone was reduced to < 3 ng/L with the ozone dose of 10 and 15 mg/L at a contact 
time of 8 min. 
Nakashima et al. (2002) investigated the removal usmg a Ti02 particulates as 
photocatalysts immobilized on polytetrafluoroethylene (PTFE) mesh sheets with black-
light fluorescent. Breakdown of l7~-estradiol (E2), bisphenol-A (BP A) and 2, 4-
dichlorophenol (2, 4-DCP) was tested. 85% and 98% of E2 was removed by the Ti02-
modified PTFE catalyst in lhr without and with weak UV illumination (0.24 mWcm·2), 
respectively. Ti02-modified PTFE showed adsorption for E2, and the removal rate of E2 
by the Ti02 could be improved 4.5 times by rotating the PTFE mesh sheets to improve the 
contact of E2 and the Ti02 photocatalysts. The Ti02-modified PTFE sheets could be 
repeatly used under UV illumination due to the self-cleaning effect of Ti02 
photocatalysis. But the volume of the reaction was very small (only 8 mL), and further 
advanced study is needed for practical application. 
UV A has removal ability for oestrogens as well as other ring structural organic pollutants 
(Coleman et al., 2004). It was noticed that EE2 appears to be more susceptible to UVA 
degradation than the natural oestrogens although the ethinyl group of EE2 is resistant to 
bacterial oxidation. UVA photolysis was shown to mineralized oestrogenic activity with 
the order EE2 > El > E2. Coleman et al. (2004) found that photocatalysis with an 
immobilised titanium dioxide (Ti02) catalyst was a more effective method to inactivate 
oestrogens El, E2 and EE2 than only UVA photolysis. 50% of three oestrogens were 
destroyed by photocatalysis within 10 min, and 100% within 1 hr. It took 9 times longer 
for E2, 6 times longer for El and 2.4 times longer for EE2 by only UV A photolysis. 
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Membrane technology has become increasingly common in the last few years. Chang et 
al. (2002) carried out tests to remove El by hydrophobic microfiltration, hollow fibre 
microfiltration membranes, and found that the adsorption resulted in apparent 
accumulation of El on the membrane surface. The microfiltration membrane efficiently 
retained El due to adsorption, demonstrated by a slow~y declining potential as the 
adsorption sites became saturated with the E I as it accumulated. Although some 
disadvantages (e.g. high costs and complexity) still limit the application of membrane 
bioreactors from becoming even more common, the membrane biological reactors have 
been the focus of a research effort due to the reliability of separation of water from a more 
general biomedium of solids. This has the prospect of separate use of more sensitive 
specialist microorganisms that can degrade specific pollutants. 
These in summary recent studies on physico-chemical treatment processes including 
ozonation, photocatalysts, and nanofiltration / reverse osmosis membranes have lately 
demonstrated that these processes can efficiently remove oestrogens, and an even wider 
number of pharmaceuticals. 
3.5.3 Factors affecting oestrogen removal 
HRTandSRT 
Residence time during biological treatment process has been shown to be a major factor 
in reducing steroid concentrations in treated wastewaters by increasing the available time 
for biodegradation to occur. 
In Canada for example, a study indicated that the degradation of oestrogens was 
correlated with both hydraulic (HRT) and solid retention time (SRT). Solids retention 
time was more important for the removal of oestrogen hormones than HRT. Those plants 
good at nitrification were also successful for the removal of oestrogens. The study 
compared the distribution and removal of E I and E2 in 18 selected Canadian STW s and 
linked this to the operational characteristics of the plants. Results showed that in 
conventional activated sludge and lagoon treatment systems, the mean concentrations of 
E2 and El in influent were 15.6 ng/L (2.4-26 ng/L) and 49 ng/L (19-178 ng/L), 
respectively. In final effluent, the mean concentration for E2 and El were reduced to 1.8 
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nglL (0.2-14.7 nglL) and 17 nglL (1-96 nglL), respectively. E2 was removed more 
effectively with the rate of 75% and up to 98%. The removal of El was more complex 
with removal varying from 98% to situations where the concentrations in the effiuent 
were higher than those in influent (Servos et al., 2005). The previous work (see section 
3.5.2) reviewed suggests this is likely to be due to the conversion ofE2 to El. 
Svenson et al. (2003) reported on the oestrogenicity removal at 20 Swedish STWs. 
Samples were collected from influent and effiuent daily to make a 3-week composite and 
analysed by bioassays (YES). Most activated sludge process removed between 59-94% of 
oestrogenic activity, but it is noteworthy that in the two ASP with nitrogen removal the 
removal rates were observed to be over 97%. Based on the observation that well-operated 
STWs achieving nitrogen removal also tended to have higher oestrogen removal than 
those without nitrification, Andersen et al. (2003) also reported similar results during the 
upgrade of the STW in Germany. These reported results linked removed oestrogenic 
activity to the type of biological activity in the reactors. The longer retention time was 
always required by biological nitrogen removal. They also observed the poor removal of 
oestrogens in trickling filter system with low HRT which was also reported by Temes et 
al. (1999a), although trickling filters have potentially high SRT but low HRTs. The idea 
of a simple relationship of removal efficiency of oestrogens with HRT and SRT was also 
challenged by Huang et aI., (2001). They found a trickling filter system showed higher 
removal ability than activated sludge process in the USA. 
The effiuent from 17 STWs across Norway, Sweden, Finland, the Netherlands, Belgium, 
Germany, France and Switzerland was studied for the presence of El, E2 and EE2 and 
reported by Johnson et al. (2005) (Table 3-11). Treatment processes included primary and 
chemical treatment only, submerged aerated filter, oxidation ditch, activated sludge and 
combined trickling filter and activated sludge. The total HRT ranged from 4 to 120 hrs; 
SRT was between 3 and 30 days; and the water temperature ranged from 12 to 21 QC. The 
highest oestrogen effluent values, as would have been predicted from review so far, were 
detected in effluent of the STW which only used primary treatment (13 nglL E2 and 35 
nglL El) and on one occasion in one ASP STW (6.5 nglL E2, 50.5 nglL El). For the 16 
STWs employing secondary treatment, E2 was only detected in the effluent of 6 works 
during the study period (average 0.7-5.7 nglL). El was detected in the effluent of 13 of 
the~same 16 STW. The median value for El for the 16 STW with secondary treatment 
was 3.0 nglL. EE2 was only detected in two STW (1.1 nglL, <0.8-2.8 nglL). 
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Table 3-11 The type and parameters of 17 STWs and their perfonnance for El and E2 
Mean Mean 
Inf. Err. Bio- E2 Estimated Estimated 
STWname Bio- Treatment P.E. Flow COD COD Removal HRT step SRT Elf. El Inf. El Eff. El treatment comments (m'/d) &. & CODIBOD (h) HRT (d) (nglL) (nglL') (ng/L) removal BOD BOD (h) (%) 
(mglL) (mglL) 
Anoxic zone 
Ghent- and 372 35 and Ossemeersen ASP nitrifying, no 95,000 57,000 And 85 4 91 and 95% 22 NA NA <0.6 23 0.2 99 
In Belgium specific 
P removal 
ASP in Anoxic zone 
Evergem circulating and 233 45 and 
In Belgium oxidative nitrifying, no 6500 4800 and 55 <4 81 and 95% 17.5 NA 30 <0.6 19 <0.2 >99 
specific ditch P removal 
Anoxic zone 
and 30,000 
France 1 ASP nitrifying, 8100 NA NA NA NA 12 10 2.3 52 5.0 90 
withP PE 
removal 
27,500 
France 2 ASP Anoxic zone (11,000 3000 NA NA NA 41 18 8 5.7 50 4.5 91 
head) 
important PE 
from 11,000 
France 3 ASP abattoir, food (5000 1100 NA NA NA 120 89 30 <1 62 0.5 99 
and distilling head) 
industries 
Eindhoven Anoxic zone 750,000 45-73 
In ASP with Nand P 
(approx 147,000 NA and NA 8.5 1.3 25 <1.1 52 2.9 94 562,500 
Netherlands removal head) 10-21 
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Amsterdam Anoxic zone 350,000 27-38 
In AS withNandP (262,500 40,000 NA 
and <8 NA 29 NA 27 <0.8 90 3.8 
96 
Netherlands removal head) 
Combined 
Koblenz trickling 320,000 35 and 
In Germany filter & nitrifYing (240,000 61,078 NA <2 NA 11.6 6.7 NA <0.9 54 0.8 99 
activated head) 
sludge 
Activated 
Xanten- sludge in 15,000 
Lutlingen circulating P-removal (13,770 4457 NA 24 and NA 41 27 NA <0.8 42 4.5 89 
oxidative 5 In Germany ditcb bead) 
techni'!.ue 
Glalt Nitrifying 110,000 187 22 and 
In AS andP (88,000 45,000 
and 54 4.7 88%/91% 11.8 8.8 5 <0.8 27 11.0 59 Switzerland removal bead) 
Rontal 27,000 176 
In AS P removal (approx. 8200 and 34 and 81%/94% 7 NA 3 0.7 37 5.5 85 22,000 9 Switzerland head) 142 
Surental Anoxic zone, 38,000 293 25 and 
In AS nitrifying and (25,000 15,000 and 1.6 92%199% 19 IO 15 1.8 23 4.2 82 Switzerland P removal bead) 135 
Helsinki Anoxic zone, 490 
Viikimnaki AS nitrifying 750,000 230,000 and 51 and 90%198% 22 8.8 19 <0.8 45 2.8 94 
In Finland witbP (bead) 240 6 
removal 
Lohjan Nitrifying 330 
Pitkaniemi AS andP 25,000 8900 and <30 >90%1 24 NA 16 <0.8 38 <OJ >99 Oy 
removal (bead) 150 and <3 >98% In Finland 
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Kiivlinge Anoxic zone, 71,000 AS nitrifying and (22,000 6199 NA NA NA 51 20 7 <0.9 49 <0.3 >99 In Sweden P removal head) 
Sequential Anoxic zone, 431,600 Norway 1 aerated 
nitrifying head 304,400 NA NA NA NA 3.5 20 3.0 19 3.0 84 filter 
Primary 
Norway 2 chemical P removal 26,600 22,500 NA NA NA 4 NONE NA 13.0 16 35 Increase 
treatment 
a- medIan of esllmated mfluent values; NA- mformatlon not aVailable, m all cases where reported, P removal was by chemIcal precIpItatIOn; Head IS actual population 
(without industry); ASP- activated sludge process; Inf. - influent; Eff. - effluent. 
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The removal efficiency of El was concluded directly related to the system SRT and HRT, 
and was expressed by the authors as a model Equation 3-4: 
El (percentage a/influent) = 650% x HRT(hXO. 91 XSRT(dX°.70 (/=0.45) 
Equation 3-4 Percentage removal of El with HRT and SRT 
The authors has supported the most widely accepted current theory that the removal of 
oestrogens was linked to HRT and SRT. Thus extended HRT and SRT are theoretically 
available for higher bioactivity, either at the design stage by increasing the size of 
bioreactor. This would be mostly impossible for the current urban STWs, thus additional 
tertiary treatment would to be the better practical method. Tertiary treatment has been 
shown to improve removals of the oestrogens as would be predicted from this theory 
(Johnson et al., 2007) 
Further evidence of the relationship was presented by Clara et al. (2005). They selected 
full-scale municipal wastewater treatment plants with different sizes and different 
processes to investigate the correlation between the SRT and oestrogen removal 
efficiency. The removal results indicated the oestrogens elimination from the liquid phase 
included adsorption, degradation and transformation. They also shown that oestrogen 
removal efficiency was closely related to SRT. At 10 QC, oestrogens (El, E2, E3) were 
almost completely removed with SRT higher than 10 days. Oestrogens removal efficiency 
decreased to lower than 50% when the SRT was reduced to 2 days. 
Joss et al. (2004) also studied the removal of El, E2 and EE2 in two STWs. Batch tests 
were used to establish a biological degradation rates which was similar to the others and 
based on a pseudo-first-order kinetics: 
Where r - the reaction rate (ng/L.d) 
Kbio - pseudo-first order constant for biological degradation (UgSS.d) 
SS - the sludge concentration (gSS/L) 
Cwbulk - the soluble oestrogen concentration in the bulk liquid phase (ng/L) 
Equation 3-5 Biodegradation model of activated sludge process 
Kinetic parameters were established from the batch experiments under various redox 
conditions. The resulting model calculations were then compared with samples from full 
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scale STWs. The Kloten-Opfikon STW treats the combined sewage from 55,000 
population equivalents (PE) with a nutrient removal ASP which has a SRT of 10-12 days. 
Part of its primary effluent is directed to a membrane bioreactor (MBR) which is a 100-
PE pilot plant with 3 different membrane filtration units designed for a 30-day SRT. A 
second works Altenrhein STW which also treats mixed sewage from a 120,000 PE was 
tested. The nitrogen removal ASP and parallel fix-bed lanes each treating half of the 
influent each. The ASP system has a SRT of 22-24 days, and the fixed-bed reactor has an 
average HRT of 35 minutes. Six 8-hour composite samples were taken from each 
sampling point in November 2002 for analysis by GC-MS-MS. Data from the two full-
scale STWs showed that the ASP removed 90% of all oestrogens. The fixed-bed reactor 
removed 77% El and >90% E2 which were then linked to the shorter HRT. These rates 
still represented a good performance, and support the theory that performance will be 
linked to both mass transfer (HRT) and specific biomass loading rate (represented by 
SRT). It was also found that the removal of El and E2 was affected by redox conditions. 
Higher rates were observed with greater oxygen levels. For EE2, the only significant 
degradation was observed with aerobic conditions. The authors proposed that sludge 
loading was a key parameter influencing the removal of oestrogens at a STW, which was 
further confirmed by the low degradation rates observed in the first compartments of the 
monitored reactors where there were competitive metabolites. It was also suggested that a 
reactor cascade would therefore have better oestrogen removal than a completely stirred 
tank, as was also proposed by Anderson et al. (2003). In this Joss study, tests were also 
carried out with different floc size in the activated sludge which led to the suggestion that 
the smaller floc size of the long sludge age activated sludge could shorten the distance 
between micro-organisms and result in better diffusive mass transfer for El and E2, and 
also a higher degradation rate. 
Nitrification and Denitrification 
Due to the relationship between oestrogen removal and SRT, it has been reasonably 
suggested that there would be a link between oestrogen elimination and nitrification / 
denitrification. 
Results from the two studies of Ternes et al. (1999a, 2004) showed an increase in EE2 
removal of up to 90% by a plant which was upgraded for nutrient removal by an increase 
in SRT from 4 to 11-I3 days. This indicated that long sludge retention time allowed the 
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growth of microorganisms capable of degrading EE2. The original average El, E2, EE2 
concentration in the treated effluent were 24 nglL, 5 nglL and 2 nglL in the old activated 
sludge system consisting of a fully mixed reactor system for only BOD removal. After the 
upgrade for all-year nitrification and denitrification, the oestrogen concentration in the 
effluent decreased below the detection limit of I nglL. 
Andersen et al. (2003) also reported the improved removal efficiency of El, E2, and EE2 
in a German municipal STW when nitrification and denitrification were introduced. More 
than 98% El and E2 were eliminated compared to <90% El removal efficiency in the 
STWs originally designed for BOD removal only. 
Vader et al. (2000) worked on the fate of synthetic oestrogens. They studied the 
degradation of EE2 at the initial concentration of 50 IlglL in laboratory batch experiments 
with two sources of activated sludge. One was from a Dutch municipal plant which 
treated primarily domestic waste and had a specific nitrifying capacity of I mgNH4 +/g dry 
weight (DW)/h, while another one was capable of 50 mgNH//gDW/h oxidation. 
Degradation of EE2 was observed only with the higher nitrifying capacity sludge, which 
degraded EE2 completely within six days and did not require an adaptation period. The 
measured initial specific EE2 degradation rate by the nitrifying sludge was IIlg/g/h. The 
sludge retained its maximum EE2 degradation abilities for approximately two days. After 
that, the degradation rate levelled off, probably due to the affinity'ofthe micro-organisms 
for EE2 at low concentrations, or to a general decrease in activity caused by the 
accumulation of the non-growing cells. The authors proposed that it was the nitrifying 
bacteria that created the right conditions. for the breakdown of the synthetic oestrogen of 
EE2. The oxidation of EE2 was confirmed by the unidentified hydrophilic metabolites, 
which were the result of hydroxylation. They concluded that EE2 degradation by 
nitrifying micro-organisms is a cometabolic process and predicted that STWs which had 
nitrifying bacteria, long sludge retention times and higher summer temperatures would 
successfully eliminate EE2. It is difficult to evaluate the significance of these 
observations as the experiments were conducted at unusual retention times and in reactors 
in the absence of competing organic substrates. 
Shi et al. (2002) also found that Fusarium proliferatum strain HNS-I could use EE2 at 
the sole carbon source to remove 97% of EE2 at an original concentration of 25 mglL, 
which meant EE2 was removed by certain microorganisms. Therefore Shi et al. (2004) 
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used nitrifying activated sludge (NAS) and a culture enriched with Nitrosomonas 
europaea, a type of ammonia-oxidizing bacterium, to investigate the possibility of 
specific microorganisms degrading El, E2, E3 and EE2. The results showed that 98% of 
E2 was removed in the NAS culture within 2 hrs from an initial concentration of I mglL 
indicating the mixed microorganisms in the NAS had excellent E2 degradation ability. 
And N europaea was not like the mixed NAS that could degrade the intermediates of 
oestrogens breakdown. Other bacteria existing in the mixed NAS other than ammonia-
oxidizing bacteria were therefore responsible for intermediate degradation during the 
experiments. El was not detected during E2 degradation by N europaea while El was 
found as an intermediate product of E2 degradation by the NAS culture. Therefore, it was 
suggested that in the NAS E2 was degraded to E I by other heterotrophic bacteria, not by 
N europaea. The oestrogens degradation by N europaea was a zero-order reaction and 
there was no evident differences between the breakdown rates of the four oestrogen rates. 
Anaerobic Digestion 
It has also been shown that anaerobic degradation partly removed oestrogens. It was 
found that E2 could be rapidly biodegraded but EE2 was much more resistant in 
anaerobic environment as well as aerobic condition (Temes et al., 1999b; Guo and 
Kookana, 2003; Jurgen et al., 2002). 
Czajka and Londry (2006) investigated the anaerobic biotransformation of E2 and EE2 in 
the cultures using lake water and sediment under methanogenic-, sulphate-, iron-, and 
nitrate-reducing conditions. They observed that EE2 was hardly removed and E2 was 
only partially degraded under anaerobic conditions. The half-lives of E2 under 
methanogenic-, sulphate-, iron-, and nitrate-reducing conditions were 15.0±2.2, 9.1±2.0, 
6.3±2.7,and 21.0±2.3 days. The rate of initial oxidation and the final steady-state 
concentration of E2 were not related to the initial concentration of El under 
methanogenic-, sulphate-, and iron-reducing conditions even though it has been shown El 
is the intermediate product of E2 degradation with aerobic degradation. Some oestrogens 
could be recalcitrant and accumulate in the sediments if anoxic or anaerobic. 
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3.6 SUMMARIES 
The following points have been established by the review. SAPs are potential bioreactors 
which have small foot-prints and flexible operation options to achieve either high organic 
removals or for use as tertiary treatment (section 3.1.3). SAPs are more stable and less 
subject to variances of environmental factors than activated sludge, probably as a result of 
a larger population diversity, and total biomass. The SAFs can handle the short-term and 
long-term shock loads and the literature included a paper demonstrating tolerance of up to 
triple ORL. The SAFs could also withstand less than 30% temporary increases of feed 
flow (section 3.4). Literature also indicated that SAFs could successfully treat recalcitrant 
wastewaters such as from textile manufacture but also low biodegradable natural organic 
matter (section 3.4). The high solids retention time for slow growing biomass and the 
high biomass concentrations, were shown to provide this ability of the SAF with novel 
media to treat the normal and shock loads will be studied in this project. 
A typical possible application of a new hydrophobic adsorber in SAFs would be the 
oestrogens. The literature review has established that due to their hydrophobic properties 
and moderate persistent, steroid oestrogens are mainly removed from sewage by 
adsorption and biodegradation. The successful degradation of the oestrogens requires long 
retention times, HRT and SRT. These could be better achieved with a SAF type reactor. 
HRT and SRT will be established in the novel reactors by using standard RTD. The 
removal of oestrogens by SAFs thus is worthy of investigating. 
The combination of hydrophobic and hydrophilic adsorption sites on wool fibre pores and 
woven structure (section 3.2.3) makes it a potential filter medium to remove dissolved 
residual organic materials with high molecular weight from wastewaters. This adsorption 
characteristics of wool would lead to a longer retention time of pollutants inside reactors, 
thus giving more opportunity for slow growing microorganisms to give better removal 
behaviour. Current technology (ozone membranes and activated carbon) for refractory 
organics (hydrocarbon fuels, pesticides, dyes and pharmaceuticals, including EDCs) 
removal at low concentrations from effluents are energy intensive or generate undesirable 
sidestreams. Therefore, the SAF packed with wool may be a good alternative technology. 
In order to evaluate the application of wool fleece SAFs, the retention time distribution 
and the ability to remove oestrogens are also important issues that were studied. 
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CHAPTER 
4 
MATERIALS AND METHODS 
The laboratory works were based on the monitoring of two lab-scale submerged aerated 
filters, one of which was packed with the test wool fleece and another with Kaldnes® as a 
control. Laboratory works included the comparison of their performance for 
hydrodynamics, pollutants removal, oestrogen removal and the ageing characteristics of 
the media. 
4.1 THE LABSCALE SAF 
Two identical lab-scale SAFs were workshop made for this research in the Department of 
Civil & Building Engineering. They were designed and operated to simulate a scale down 
version of the pilot unit described by Cannon et al., 2000 (Page 28). 
4.1.1 Design and construction 
The configuration of the SAF system is shown in Figure 4-1. The filters are fabricated out 
of 140 mm (internal diameter) polypropylene columns. The total height of reactor is 610 
mm and the empty bed liquid volume of the filter is 6.93 L. One SAF was packed with 
wool fleece in the 380 mm section above the grid (Figure 4-1) the other one was packed 
with Kaldnes. The SAFs are upflow and fed with synthetic sewage supplied by peristaltic 
pumps. The inlet is located below a mesh with a diameter of 15 nlln, and the mesh is 
positioned 130 mm over the bottom for supporting the media and separating the filter into 
two main areas: filter area and sludge area. The height of sludge area is 50 mm and the 
sludge is discharged through a pipe (15 mm diameter) fixed under the filter. The aeration 
and inlet are both above the sludge area. 
75 
Chapter 4: Materials and Methods 
Air was supplied 75 mm above the base of the filter. The diameter of the aeration loop is 
120 mm, with air holes evenly located around circular aeration loop. The height of the 
filter area is 380 mm, which mean that 70% volume of the filter was packed with media. 
The outlet (10 mm diameter) is located at the centre of reactor, 35 mm below the top of 
filter. 
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4.1.2 Sewage storage and distribution 
The SAF influent was stored in one large tank (500 L) and pumped to the filters by two 
peristaltic pumps (Watson-Marlow Limited 505Du). After filtration, the effluent was 
collected in two tanks for composite sampling and then discharged to the sewer. 
To avoid the possible loss of organics and oestrogens by adsorption to the storage walls or 
degradation by the growing biofilm attached to the storage walls, the storage tank was 
cleaned every feed (every two days), and the pipeworks were dismantled and cleaned 
every two months. 
4.1.3 Synthetic sewage 
To investigate the pollutant removal by the reactor, the lab-scale SAFs were fed with 
synthetic sewage to represent settled sewage, i.e. the primary effluent. The synthetic 
sewage has relatively uniform characteristics and no risk of toxic or industrial 
components. Additionally, it is easy to be prepared in any laboratories and to be modified 
in a controlled way to change the loading for different usage. It was also more economical 
than transporting large quantities of settled sewage. All these advantages enabled the lab-
scale SAFs work under a well-controlled condition. 
The composition of the synthetic sewage was based on that originally used by 
Phanapavudihikul (1978) to study laboratory and pilot-scale effects of temperature on 
activated sludge. It was itself adapted from Williams and Taylor (1968), who used 
synthetic sewage for a pilot-scale study on macro-invertebrates on the efficiency of 
trickling filters. This recipe was used by two other Loughborough research projects 
Marquet (1999) and Yang (2007). It was slightly modified for this project. In the start-up 
phase, the filters were fed with the synthetic sewage without oestrogens. It was also found 
that by using this consistent recipe, the BODs was around 75% of the measured TOC. 
Thus BOD analysis which is time consuming could be reduced. Constituents and their 
concentration of the synthetic sewage are given in Table 4-1. 
The influent to the filters was prepared every two days to avoid too much ageing. A 
concentrate mixture was prepared by diluting the recipe (Table 4-1) in hot tap water. This 
concentrate mixture was then diluted with tap water in the feed tank with continuous 
stirring. 
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Table 4-1 The recipe of the synthetic sewage 
Constituents Concentration (mglL) 
Dextrin 150 
Ammonium chloride 130 
Yeast extract 120 
Glucose 100 
Soluble starch 100 
Sodium carbonate 150 
Detergent (commercial) 10 
Sodium di-hydrogen orthophosphate 100 
Potassium sulphate 8.3 
The make-up feed provided a constant strength and regular chemical characteristics 
similar to municipal wastewater. This enabled well controlled experiments based on the 
differences between the two media. During the experimented period, dissolved oxygen 
(DO) in the SAF was maintained above 4 mglL (Dissolved Oxygen Meter, YSI MODEL 
58). This was also to ensure that low dissolved oxygen was not restrictive. 
4.1.4 Operation 
The objectives of the project led to the lab work being divided into four stages: 
• Stage 1: May 2004-December 2004 and August 2006-0ctober 2006, Reactor 
Hydrodynamics; 
Tracer studies were conducted to standard methods (Frenandez-Planco et al., 1996) which 
could then be used to predict the hydraulic patterns in a pilot-scale filter and ultimately in 
a full-scale plant. 
During this period small changes to the design of the bioreactor were made in order to 
improve retention time. After tracer experiment 1-4, the reactor was modified. The fonner 
cone-bottomed (Figure 4-2) was changed to a flat-bottomed reactor (Figure 4-3), with 
other dimensions and construction unchanged. This was to avoid sludge accumulation and 
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digestion within the reactor. The effect of the change of reactor configuration on 
hydrodynamics was compared. Residence times were studied without air supply and with 
air supply Cl Llmin). 
In this study, tracer studies were carried out under "clean-bed" conditions and "dirty-bed" 
conditions. The telTl1 "clean-bed" was for reactors with no biomass. Clean-bed analysis 
was used before seeding the reactor to optimise detail designs of the carriers, dimensions, 
etc. While "dirty-bed" studies with biomass growth was perfonned at steady TOC load 
during steady-state operation to measure and compare changes between reactors and 
experimental stages. In carrying out clean-bed study, all reactors were fed with tap water 
at the same theoretical HRT as that in dirty-bed study since experience showed there was 
inherent mixing associated with biogas produced from waste degradation even with the 
air switched off. 
Figure 4-2 Photograph of the cone-bottom reactor with wool 
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Figure 4-3 Photograph of the final reactor with Flocor® packed with wool designs in the 
foreground 
Media 
Tracer experiments were also studied with different media. The different media included 
Kaldnes® (Table 4-2 and Figure 4-4), wool® and Flocor® (Table 4-2 and Figure 4-4) as 
supporter (the media mainly studied in thi s project, all wool® wi ll be expressed as wool in 
later sections without special notes), woolrcd and woolcrosses. Before the experiment, the 
reactors with all new wool®, woolrcd and woolcrosscs need be fed with tap water for I week 
to wet wool completely. Every type of wool was fed with tap water for I week for 
prewetting treatment. 
G. 
\\ .... \( I ' ,' HI, 
Figure 4-4 The picture of the Kaldnes®, Flocor® and wool® (left to ri ght) 
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Table 4-2 The characteri sation of the Kaldnes® and Flocor® 
Kaldnes® Flocor® 
material polyethylene polyvinylchloride PVC 
Diameter (mm) 9 32 
Length (nun) 7. 5 30 
specific surface area (m2/m3) 500 220 
Density (glcm3) 0.95 0.94 
Voidage 75% 95% 
Wool with registrated trade mark (Figure 4-4) is wool produced by the standard method 
of industri al alkaline scouring to remove wool grease. This is the most common grade of 
woo l is used in texti les and carpets. Woolcrosses is woo l from cross bred sheep typicall y the 
Australi an Merino and another species. The definiti on of the Woolcmsses is linked to the 
fibre diameter. Pure Merino wool has very fine fi bres < 25 i-!m and woo l fibres larger than 
thi s in diameter are therefore Wool""sses. All three wools used in these experiments are 
from cross bred animals. Woolred is wool from crosses breed of sheep which has 
undergone laboratory based scouring and modifi cati on with a mixture of hydrazine and 
hydroxylamine and impregnated with an iron transition metal salt. Woolcrossc' has 
undergone laboratory based scouring and modifi cation but no impregnation with metal 
salt. All types of wool were provided by the De Montford University, Leicester. In 
summary: 
• wool®: cross bred, standard scouring 
• Woolcrosses: cross bred, standard and laboratory scouring 
• Woolred: cross bred, standard and laboratory scouring with impregnation of metal 
and salts. 
All experiments were replicated twice with tripli cate repeated measures. The mean values 
were used. The precision of this analysis is reported to be ± 5% (Marquet, 1999; Yang, 
2007). 
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• Stage 2: January 2005-September 2005, The study of sewage treatment by SAFs; 
The objective in thi s stage was to investigate and compare the perfonnance of the two 
SAFs with wool packed Flocors (all wool packed with Flocors will be expressed as wool 
in later sections without special notes), and Kaldnes respectively (Figure 4-3 and Figure 
4-5). Reactors were operated at an empty-bed flow rate of 315 mLIh without effluent 
recirculation. TOe, SS, turbidity and ammonia were measured three days a week during 
the period of the experiments. The results were analysed and presented (Microsoft Office 
Excel© 2003). 
Figure 4-5 Photograph of the SAF with Kaldnes 
• Stage 3: October 2005-December 2005, The study of perfonnance of bioreactors 
under shock loads; 
To investigate microbial responses and interactions under shocks, thi s study was carried 
out to apply both short-tenn and long-tenn shock loads. Under sholl-tenn shock loads, the 
HRT was decreased £i'om 22 hrs to 1I MS by doubling the flow rate from original value of 
315 mLIh. The nonnal operation conditions were resumed after 12 hrs of shOll-tenn 
shock load. After the shock load, both reactors were then operated under nonnal 
conditions for at least a week to monitor recovery and any long-tenn effects of the shock 
82 
Chapter 4: Malerials and Methods 
load. The steady-state performance was enabled data for analysis and perfonnance 
evaluation to be compared. The degradation efficiency was tested by TOC, SS, turbidity 
and NH4-N, which were monitored for 10 days after the HRT had revelted back to the 
original 22 hrs. 
21 days after the nonnal operations resumed, synthetic sewage with double constituent 
concentrations was prepared and used to create organic rather than hydraulic shock load. 
Results were analysed three days a week during thi s 39-day long-term organic shock load. 
• Stage 4: January 2006-March 2007: The study of oestrogen removal by SAFs and 
the ageing of the wool support 
To study the perfomlance of filter to treat the refractory organics, trace oestrogens were 
spiked into the synthetic sewage. In thi s study, El , E2 and EE2 were added into the 
influent. The oestrogen concentrations in influent and effluent of the SAFs were measured 
after the sample pre-treatment using standard ELISA analysis (Yang, 2007). 
During the experiment operation, wool samples were taken in the SAF with wool media 
at certain interval. Then the samples were dried in desicator followed by SEM analysis at 
the De Montfort University, Ishtchenko. 
4.2 TRACER STUDY 
4.2.1 Philosophy of RTD 
At a steady flow rate u and constant volume V, the m quantity of tracer is injected. The 
initial tracer concentration is Co . The local concentration of tracer at time t. after 
injection is c . Under ideal plug-flow conditions, no tracer should appear in the effluent 
until I is the theoretical residence time when it should exit in equal concentration to the 
initial input (c(t) I Co = 1). Under ideal mixed conditions, c(t) should equal Co instantly 
( t = 0) upon the pulse input of tracer. Variations from these two extremes reflect 
intennediate degrees of dispersion in the reactor. The tracer response curves were 
subsequently analyzed for the mean or actual HRT. After t + dl (dl means a very shOlt 
period), the fraction of fluid that elapsed the reactor is (uc l m)d/. The fl ow is Q. The ex it 
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age di stribution function of the fluid elements leaving the system can be defined as 
follows: 
E(t) = uc(t) I m 
Because all fluid elements have some residence time, all tracer wi ll fina ll y come out after 
a sufficiently long peliod. That means: 
f E(t)dl = I 
The volume fraction of tracer in the effluent less than I in the reactor is equal to F(/) , 
Cumulative Residence Time Distribution Function: 
or 
E(/) = dF(t) 
dl 
1 c(t)udl 
F(t)=~--r c(t )udl 
The sta.ndard deviation cr represents the spread of the distTibution. It is calculated in the 
nonnal way as: 
I I 
(5 = V (r = V - t E{t )dl = = I G (rr -)' )~ [r&-i)'C{t)dt]' [r/2C{/}d1 -2]' r C{t}dl Q 
According to the definition, the mean residence time I is the average time spent by tTacer 
tlowing at vo lumetric rate u through a volume V: 
- V f t =- = tE(t)dt . 
u 
t locates the centre of gravity of the tracer cnrve. In reactor comparisons, it is often 
convenient to use a series of dimensioniess parameters, dimensioniess time Band 
dimensionJess RTD E(B) these are defined as: 
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e =~ · - , E(8) = tE(I) 
t 
If the distribution curve is only known at a number of di screte time value, those 
parameters have to be expressed as: 
00 
L tC(/)ot 
1=-°"-- -
00 
L c(t )ot 
° 
E(/) = 00 C(/) 
L C(t)OI 
° 
, 
L (c(t)L/ ot ) 
F (I) = -'0,-----__ 
00 
L(c(t)uoL) 
° 
L: denotes summation of the data points in the parentheses for each trace study; 
Nonnalized deviation (dimensionless): 
00 
l:> ' c(I) 5t 
° 00 
L C(I)5t 
° 
-, 
I 
, 
, 
While Ot is a time interval between successive samples in minute and defined by: 
I ~I = (t,+, - l;l + (/, - 1,_,) = 1,+, - 1,_, ( . = 2 - 1) m I , ... , n 2 2 Ot = I , +t, (i = I) 2 
Several standard comparative index (Tembhurkar and Mllaisalkar 2006; Kim and Bae, 
2007) used for characterising reactor performance are: 
Plug flow index = II' I T 
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Dead zone index = I g I T 
Short circuiting index = 1- t pi Ig 
MoriIl Dispersion Index = T90 17;0 
I I' --the time at peak concentration (min) 
T--the theoretical residence time (the empty-bed HRT of22 hours in thi s study, min) 
-
Ig --t , mean hydraulic residence time (m in) 
T90 --the time for 90% probability of total mass recovery (min) 
7;0 --the time for 10% probability of total mass recovery (min) 
The plug flow index reduces with the increase of mixing characteristics. The value of 
MorriIl Dispersion Index is I for an ideal plug flow reactor and about 22 for a complete-
mix reactor. The short circuiting index is 0 for an ideal plug flow and comes to I with 
increase mixing. The dead zone index indicates a reduction of dead zones. 
The volume of dead zone (V Dead) in a reactor is estimated using the ratio of actual and 
-
theoretical HRT (t i T) multiplied by the empty-bed volume. If the reactor has no dead 
- -
zone, I I T = I. If the vessel has dead zone, t i T * 1, which indicates the flow di stribution is 
not uni fonn. 
Detennination of Dispersion Number (Nd): 
One of the popular approaches for the determination of hydraulic regime in a reactor, is to 
calculate dispersion number (Nd). Dispersion number is for the mixing character analysis 
of reactor and may be defined as below. 
Nd = D /(uf ) 
Nd --Dispersion number of reactor (dimensionless) 
D --Upflow Dispersion Coefficient ([L] ' I [T]) 
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u--Mean Flow Velocity ([L] / [T]) 
£--Height of the Reactor (meter) 
In practice, the variance and Dispersion Number for a reactor are calculated from the 
effluent concentration-time data from a pulse tracer input. The values of dispersion index 
for various extent of mixing as predicted by the model are given in Appendix A. After the 
tracer injection at the inlet of the reactor, output samples are collected at known time 
intervals. Based on concentration data at different times, the nonnalized variance of data 
di stribution may be calculated as below: 
(]"~ = ((]" 2 I t ' ) = 2(D / u£)-2(D / ue)' (J _e-("Cl D) 
4.2.2 Input signal 
Impulse signal technique was employed in the experiments for tracer study. A quantity m 
of tracer was injected at the inlet in as short period as possible and compared to the 
theoretical mean residence time t (standard requires injection in less than the 5% of the 
mean residence time). The vo lume of tracer injected must be negligible (standard requires 
less than the I % of the reactor volume). The concentration of the tracer so lution needed 
depends on the analytical method for the tracer. In thi s Flame Photometer was used with a 
precision of 0. 1 mglL Li. 
The concentration of tracer is measured in the effluent as a function of time. During the 
experiment, some conditions are assumed: 
I) flow rate u (L/min) and fluid density p (glL) are not changed; 
2) only one flowing phase; 
3) diffusion does not take place across the system; 
4) unifonn velocity profiles at the inlet and outlet of reactor; 
5) linearity of tracer analysis, i.e. the magnitude of the response in the effluent is 
directl y proportional to the amount of tracer injected; 
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6) the tracer is inert, completely conserved within the reactor and follows the process 
fluid in its flow and mixing behaviour. 
In these experiments I mL tracer solution was injected in less than 5 seconds. The use of 
impulse input allows RTD curves of effluent tracer concentration versus time. 
4.2.3 Tracer selection 
Tracers need to reproduce the fluid motion, which means that they should have the 
characteristics as follows: 
I) no effect on the flow. 
2) easy analysis 
3) no reaction with or adsorption onto the surface of the system 
4) low molecular diffusion 
These properties must also be stable within the operating range of enviromnental 
conditions e.g. temperature and pH during the experimentation period. 
Lithium was selected as the tracer due to its low and constant concentration in the 
influent, and non-degradability. Preliminary investigations (Smith et al. , 1996) indicated 
that the influent concentration of lithium should not exceed 2000 mg Lt /L in order to 
avoid density or toxicity problems. Tracer studies were can'ied out using a pulse input of 
lithium chloride at a theoretical unifonn concentration of 2 mg Li+/L of reactor vo lume. 
For each experiment I mL of 84.68 mg anhydrous LiCI (representing 13.86 mg of Li+) 
solution was injected by syringe through the wall of a rubber connection in the inlet pipe 
to the reactor. 
4.2.4 Tracer sampling 
Samples of the filter effl uent were then taken following the sampling progranmle given in 
Table 4-3, from the outlet stream immediately after the SAFs. Samples were allowed to 
settle ovemight before measuring the Lithium concentration. 
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The resulting values were converted into lithium concentration using a calibration curve. 
The calibration curve was made for each experiment using standard lithium solutions. The 
residence time distributions were obtained by plottiJlg li thium concentration against time. 
Table 4-3 Sampling program for residence time distribution 
Time fo llowing injection (hr) Sampling intervals in minutes 
0-0.5 5 
0.5-1. 5 10 
1.5-24 30 
24-48 60 
48-72 120 
72-END 300 
Table 4-4 the conditions of tracer experiments 
Conditions Media Aeration Biofilm 
Experiment I Non-collapse wool na na 
Experiment 2 Non-collapse wool na na 
Experiment 3 Non-collapse wool 1.0 Limin na 
Experiment 4 Non-collapse wool 1.0 Limin na 
Experiment 5 Non-collapse woolrcd 1.0 L/min na 
Expeliment 6 Non-collapse woolcro"es 1.0 Llmin na 
Experiment 7 Non-collapse wool 1.0 L/min na 
Experiment 8 Kaldnes 1.0 Llmin na 
Experiment 9 Partiall y-collapse wool 1.0 Llmin yes 
Experiment 10 Kaldnes 1.0 Llmin yes 
na: not avmlable 
4.2.5 Tracer experiments 
There were ten experiments carried out in this study. To clarify the affection of aeration, 
biofilm and media on hydrodynamic pattern of reactors, they were carried out aeration I 
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non-aeration, biofilm I non-biofilm, and different media including Kaldnes, and the wool 
(the media mainly studied in this project) . Two types of wool, wool"d and woolcrosscs, 
were tested. The conditions of these experiments were shown in Table 4-4. 
4.3 SCANNING ELECTRON MICROSCOPY (SEM) 
To investigate the structure of new and used wool, the teclmique of Scarming Electron 
Microscope was used. 
Fibre treated with synthetic wastewater (0. 1 g each) was carefully washed using 50 mL of 
ethanol for 30 minutes in order to get rid of the microorganisms grown on the fibre and 
prevent further degradation I destruction of the fibre during the sample preparation and 
SEM analysis, tilen thoroughly washed by double di stilled water, dried in room 
temperature until the constant weight and placed in desicator prior to the sample 
preparation for SEM analysis. 
The steps to prepare samples for SEM analysis are as foHow: Strands of the wool fibre 
were carefull y placed on a carbon stub to prevent mechanical damage, overlap and too 
many fibres from causing the fibres to stand up away from the stub resulting in charging. 
The edge of the stub was trimmed. Samples then were coated witil gold for I minute by a 
Sputter coating technique (cun'ent = 20 mA, vo ltage = 10 kY), and analysed by Scanning 
Electron Microscope (Stereoscan 430, Leica Cambridge Lld) in duplicate, at different 
parts of the fibre and at 1000 times magnifications. Conditions of SEM analysis were as 
fonows: 
Electron beam energy = 5 kY; 
Beam Cunent = 150 pA; 
Filament Cunent = 2.08 A; 
Working Distance = 6 mm. 
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4.4 OESTROGEN SAMPLING 
Due to the well -controlled conditions (fixed sewage composition and constant hydraulic 
load) for the SAFs, grab samples were used for monitoring the performance from two 
points - feed storage tank and filter outlet . Volumes of 1 00 mL were used. 
During the start-up phase, the influent and effluent of SAFs were collected and analyzed 
once every week for routine analysis of temperature, pH , turbidity, SS, NH4-N and TOC. 
After stal1ing up these parameters were measured three days a week. 
Samples collected for routine operational parameters were all immediately analyzed after 
collecting (within 4 hrs). Samples for oestrogen analysis were collected once every week. 
Those for oestrogen analysis were then subjected to pre-treatment inullediately and 
preserved under 4 °C in the dark. 
4.5 SAMPLE PRETREATMENT PROTOCOL FOR 
OESTROGEN ANALYSIS 
Due to the low concentrations of El , E2 and EE2, a complex sample pretreatment 
protocol was employed to remove suspended solids and then concentrate the oestrogens 
by solid phase extraction (SPE). Eluted oestrogens were then reconstituted into a specific 
volume of solution depending on the anticipated concentration. The protocol used in thi s 
research was developed at Loughborough in conjugation with the ELlSA kit supplier 
(Japan EnviroChemicals, Ltd., 2003). Experience with ELlSA is still needed. 
As all the oestrogens were spiked into synthetic sewage as free oestrogens, to avoid 
oestrogen conjugate analysis. Free oestrogens can be analyzed by one step SPE (C18 
cartridge), otherwise the two-step SPE with C18 and NH2 cartridges are needed for 
conjugate analysis (Hi robe et al., 2004). It is known however as reported in the literature 
review that most of the oestrogen conjugates would be deconjugated in the sewerage 
system (Belfroid et al. , 1999; D' Ascenzo et al. , 2003). 
4.5.1 Filtration 
The recommended volume of water sample was filtered through the glass fibre filter (0.7 
~m pore size, 70 mm diameter, Whatman OF/F) with a vacuum pump. Methanol (MeOH) 
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was lIsed to wash the solids on the filter to extract possible retained oestrogens in the 
solids and the eluant was then added to the filtrate, although it was recorded in the 
literature review that oestrogenic substances were not retained by sewage suspended 
solids (Desbrow et al., 1998; Huang and Sedlak, 2001). The amount of methanol was kept 
within 1% of the total volume of the filtrate . The pH value of the filtrate was also checked 
after these dilutions and adjusted if necessary to ensure it was between 5 and 8. The 
experimental set up is given in Figure 4-6. 
Figure 4-6 The rig for filtration 
4.5.2 Solid phase extraction 
CJ8 cartridges (Alltech 300 mglcolumn, SupercleanTM) as indicated by the literature 
review were used to extract the oestrogens. They were preconditioned with 5 mL 
methanol and then 10 mL distilled water in accordance with the supplier's instructions. 
To save time, a vacuum pump was used for suction. The flow rate of the preconditioning 
was also controlled so as not to exceed 20 mLlmin as suggested in the manual. The 
filtrate was transfelTed into a pre-washed separation fUlmel and then passed through the 
C18 cartridges at the same recommended 20 mLlmin flow rate. 
After all the samples had passed through, the cartridge was then washed with 5 mL 
distilled water «20 mL/min) to remove polar interference followed by a minute of 
vacuum to achieve some dryness, then 5 mL hexane was used for further removal of 
apolar interference «20 mLlmin). Oestrogens (and other similar moderate polarity 
organics) were then eluted with 5ml dichloromethane at a recommended rate less than 3 
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mLlmin using a special grade syringe. The eluted samples were collected by disposable 
vials. The SPE rig is given in Figure 4-7. 
Figure 4-7 The rig for solid phase extraction 
4.5.3 Evaporation 
The eluted organic samples were evaporated to dryness under a stream of nitrogen gas. A 
water bath (Fisher Scientific) was used to accelerate the evaporation, with the water 
temperature controlled between 40-50 cC. Figure 4-8 shows the sample evaporation rig. 
Figure 4-8 The sample evaporation rig 
4.5.4 Reconstitution 
100 flL 100% methanol was added to the solid residue from the evaporation for 
reconstitution, and subsequently di luted with distilled water to adjust the methanol to J 0% 
(VN). A vortex was used to achieve good mixing. 
Lf any of the residues remained undisso lved in the 10% methanol so lution, then the 
sample had to be evaporated again repeating the procedure described in Section 4.4.3. 
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After drying out, 10 fiL 100% dimethylsulfoxide (DMSO) was firstly added to the residue 
and mixed with a vortex mixer. Then, 100 fiL MeOH was added to the vial followed by a 
fUIther vortex stir. Finally, distilled water was added until the total volume was 1000fiL 
(1 mL). The composition of the resulting solution was then 1 % DMSO and 10% MeOH 
in aqueous solution. To guarantee the accuracy of analysis, the solvent composition of the 
standard calibration solutions were all prepared according to the same procedure (1 mL 
solution with 1% DMSO and 10% MeOH). 
The oestrogen ELlSA kits have a limited range so it was necessary to adjust the oestrogen 
concentrations of the test samples to fall into the right range. For samples with unknown 
oestrogen concentrations, a series of dilutions was necessary after sample extraction. In 
thi s experiment the dosing of oestrogens was known from screening studies and there was 
a good agreement from the literature conceming appropriate concentration. The sample 
volume was chosen to make the oestrogen concentration within the ranges of the kits. 
Figure 4-9 is a summary of the sample pre-treatment flow chart. 
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, Add 100 fiL 100% methanol , mixed by a vortex ' 
, 
, 
, 
Add HPLC water (900 fill , mixed by a vortex : 
,---------------- ---- ------ - ---------- -- --------1 
, 
, 1000 times dilution 
, 
Figure 4-9 Flow chal1 for sample pretreatment 
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4.6 SAMPLE ANALYSIS 
4.6.1 HPLC- UV analysis for oestrogen quantization 
Oestrogens were analysed at higher concentrations (> I J.lglL) using HPLC. 
Equipment (Figure 4-10): 
Hewlett-Packard (HP) 1050 series HPLC 
HP 1050 seri es Pump system 
HP 1050 Ulh'aviolet Light detector 
HP I 065A serials Fluorescence detector 
Desktop computer 
Figure 4-10 The HPLC equipment 
Column 
With the reference to the li terature (Lapez de Alda et al., 2000) and considering the basic 
physicochemical characteristics of oestrogens, a Phenomenex C I8 column (250 mm x 4 
mm,5 j.lm) was chosen for the separation preceded by a C I 8 guard co lumn (4 x 4 mm, 5 
j.lm) to avoid possible damage or blockage to the column. 
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Mobile phase 
Mobile phase was also dete1mined based on the previous researches (Lopez de Alda et aI., 
2000). Table 4-5 gives the mobile phase composition and flow rate. 
Table 4-5 HPLC mobile phase composition and flow rate 
Component Gradient elution solution condition Flow rate 
A- water o min - 70% A, 30% B; 
B- acetonitrile (ACN) 5 min - 70% A, 30% B; I mLlmin 30 min - 0% A, 100% B; 
Detector setup 
The DV spectrum of E2 for example has two maxima, one is approximately at 197 run 
and another is at 281 nrn (Lopez de Alda et aI., 2000). L6pez de Alda et al. (2000) used 
the DV detector to quantify oestrogens at the wavelength of 197 nm, whilst Desbrow el al. 
(1998) used the UV detector at 210 IUn. Both of them reported good results. Snyder et al. 
(1999) used the fluorescence detector with excitation wavelength of229 nm and emission 
wavelength of 3 I 0 nm. 
To avoid the high noise at 197 nm identified by screening trial s, 28 1 run was chosen as 
the detection wavelength. In accordance with the UV detector, the excitation wavelength 
and emission wavelength for fluorescence detector was set at 28 1 nm and 350 run. All 
tests were done in duplicate or triplicate. 
4.6.2 ELISA analysis for oestrogen quantization 
The use of ELlSA kit for oestrogen analysis was based on the test protocol provided by 
the supplier (Japan EnviroChemicals, Ltd., 2003). 
Principle 
The test is based on the recognition of oestrogens by specific mOlloclonal antibodies 
(Figure 4-11). The sample (or oestrogen standard solution) and an oestrogen conjugate 
(i.e. oestrogens labelled with a coloUling enzyme) solution are premixed and added into 
each well of a microplate. The oestrogen present in the sample or the standard solution 
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and the oestrogen-conjugate then compete for limited antibody binding sites immobilized 
on the well surface. For example when the oestrogen concentration is higher relative to 
the enzyme conjugate then the oestrogen wi ll predominantly bind to the fixed antibody. If 
the oestrogen concentration is low then the label dominates. 
Unbounded oestrogens and excess oestrogen-enzyme conjugates are washed out after the 
incubation reaching time and a chromogenic reactant (colour solution) is added. The 
clu-omogenic substances will be catalyzed to produce a colour by the enzyme-labell ed 
oestrogen (conjugated oestrogen) attached to the antibody in the plate well. The reaction 
process is stopped with the addition of dilute acid (stop solution). 
Absorbance of each well is detennined by a microplate reader at the wavelength of 450 
nm, and a calibration curve is prepared with concentration against absorbance from 
oestrogen standards. The oestrogen concentration in each sample is then compared to the 
calibration curve. The oestrogen concentration is inversely proportional to the 
absorbance, i.e. higher concentrations wi ll have a lighter colour while lower concentration 
samples wi ll have a darker colour (Figure 4-12). 
1.Compatitive Reaction 
&U~o~~~:~;;;~7':n 
Sample y Antibody 
• Pollutant 
.L ...... .... Complex 
Analyta Concantration 
tj" OW grHig: • . .. . ' , .-- .... " ... 
2. Chromogenic 
Reaction 
&-
Chromogen 
3 . Quantital Analysis Hr! 
Absorbance 
J .J'20gen ?W 
LI , 
Low - Concentr.alion -- High 
Figure 4-11 ELISA measuring principle (after Japan EnviroChemicals, Ltd.) 
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Figure 4-12 Colour change of microplate before and after adding of stop solution 
Test Protocol Details 
The kit was stored in the refrigerator and allowed to warm up for an hour to reach room 
temperature at 18-25 QC before analysis. Firstly, the antigen-enzyme conjugate powder 
was reconstituted in buffer solution which was then added into the microplate (an 
uncoated one) at a volume of 100 ilL for each well. 100 ilL of oestrogen standard or 
samples were then added into each well using the air out of the pipette tips for mixing. It 
is important to add the antigen-enzyme conjugate solution before the samples to avoid the 
possible attachment of oestrogens onto microplate well walls. 
100 ilL of conjugate and standard I sample mixture ITom each well was then transferred 
into the paired matching well s of the coated microplate for I hour incubation at room 
temperature (1 8-25 QC). 
A concentrated wash solution was diluted in 5 times of its volume to prepare wash 
solution and used to rinse the microplate 3 times after the incubation period. Each time, 
approximately 300 ilL wash solution was used. It is suggested that after every rinse, any 
residual solution on the microplate should be removed to avoid interference with the 
analysis. 
The chromatic reaction was then conducted by the addition of a 100 ilL colour solution 
into each of the previously well-rinsed well and incubated for 30 minutes at room 
temperature (18-25 QC). This analysis was then terminated by the adding of 100 ilL stop 
solution with the solution colour in the wells changing from blue to yellow. 
The finished reaction was then analyzed with a microplate reader (Thenno Electron 
Corporation) set at the wavelength of 450 run. A simple calculation software was used to 
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work out the sample oestrogen concentrations based on a 4-parameter logarithmic 
calibration curve created from the optical densities of 5 oestrogen standards. 
4.6.3 Temperature 
The temperature of each sample was recorded at collection, using a potable Mett ler Delta 
340 pH I temperature reader. 
4.6.4 pH value 
The pH value was measured as above but the pH meter was calibrated before each set of 
reading with the standards buffer at pH 7 and pH 4. Readings were taken inullediately 
after sampling. The precision of this analysis is reported to be ± 5% by APHA. 
4.6.5 Total suspended solids 
The analysis was according to the standard methods (APHA, A WW A & . WEF, 1998). An 
trend analysis of effluent SS may indicate the extent ofbiomass washout and deterioration 
in carrier. The well-mixed sample was filtered through a weighed Whatman GF IC (0 70 
mm) filter with the pore size of 1.2 >lm ±0.3 >lm. The residue retained on the filter was 
dried in an oven at 105 °C for I hr, cooled in a desiccator to balance the temperature and 
reweighed. The papers were cycle reweighed later and the cycle of drying, cooling, 
desiccating and weighing repeated if necessary until the weight change was less than 4% 
of previous weighing or 0.5 mg. The increase in weight of the filter is the total suspended 
solids when adjusted for the volume of sample. The precision of this analysis is reported 
to be ± 5% by APHA. 
The formula ofTSS is: 
d d l·d IL (weight of filter and dried residue - weight of filter) * 1000 mgsuspen e so 1 s = 
sample volume(mL) 
Equation 4- I The fonnu la ofTSS 
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4.6.6 Turbidity 
Turbidity reflects the number of unsettleable palticles per unit vo lume by light scattering. 
It is more sensitive to fine particles because of the relative increase in surface area to 
volume as particles get smaller. Measurements were made using a Hach Turbidimeter 
(model 2000), operating under the nephelometric method. This method is based on a 
comparison of the intensity of light scattered by the sample under defined conditions with 
the intensity of light scattered by a series of standard formazin (clay Sllspension) 
references under the same conditions. The higher the intensity of the scattered light, the 
higher the turbidity is. The results are expressed in nephelometric turbidity units (NTU). 
The instrument was calibrated before every use by using prepared standards 
0/2120/20012000 NTU, depending on the detection range. Analysis was according to the 
standard methods (APHA, AWWA &. WEF, 1998) . The precision of thi s analysis is 
reported to be ± 5% by APHA. 
4.6.7 Total Organic Carbon (TOC) 
A Rosemount Dohnnann Total Organic Carbon analyzer DC-190 was llsed to meaSllre 
total carbon (rC) and inorganic carbon (lC), TOC is then calculated by subtraction. 
Sample volumes were 50 ilL, injected by syringe. Average values and standard deviation 
were calculated by the instrument, only those values whose standard deviation was less 
than I % were recorded and used. Analysis was carried out according to the standard 
methods (APHA, AWWA &. WEF, 1998) . The precision of thi s analysis is reported to be 
± 5% by APHA. 
Phosphate reacts under acid conditions with anmlonium molybdate to produce phosphor-
molybdic acid, which is reduced by ascorbic acid to produce the coloured "molybdenum 
blue" complex. The intensity of the colour fonned in the test was analyzed llsing a 
Photometer (Palintest 5000) at the wavelength of 640 nm and compared with a standard 
calibration curve. International standard methods were used (APHA, A WWA &. WEF, 
1998). The precjsion of this analysis is reported to be ± 5% by APHA. 
100 
- ---- - -----------------------------------------------------------------------------
Chapter 4: Materials and Methods 
4.6.9 Ammonia nitrogen 
Ammonia nitrogen was analysed using the Ness ler's reagent method incorporated into the 
Palintest system. 10 mLs of diluted samples to bring concentration of ammonia nitrogen 
between 0 and 10 mglL were prepared based on experience from the synthetic sewage 
and steady state performance. The preprepared detection tablets Ammonia No. l and 2 
were added sequentially with mixing, and kept for 10 min. Then, samples were read by 
using a Photometer (Palintest 5000) at the wavelength of 640 nm. The precision of thi s 
ana lysis is reported to be ± 5% by APHA. 
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CHAPTER 
5 
RESUL TS AND DISCUSSIONS 
The experimental work was di vided into several main sections: 
• The tracer experiments analysis to eva luate SAF hydrodynamics under different 
operating conditions. 
• The SEM experiments to analyse the ageing status and biodegradation of the wool 
support and the experiment to research the microorganisms in the SAFs. 
• The experiments to analyse the steady state perfonnance of SAFs for synthetic 
municipal wastewater treatment and the experiments to study oestrogen removal 
efficiency of SAFs. 
• The experiments to di scuss the perfonnance of SAFs to resist the shock loads. 
5.1 THE TRACER STUDY OF THE REACTOR 
To perfect the reactor design several experiments were conducted to observe flow 
patterns and confinn the best retention times using RTD. 
5.1.1 The hydrodynamic comparison of the cone-bottomed reactor and the 
flat-bottomed reactor (experiment 3, 4, 7) 
As shown from the Table 5-1 , Figure 5-1 and Figure 5-2, the difference of the 
hydrodynamics of both reactors was trivial. Only the Morrill index showed the cone-
bottomed SAF was 17, lower than that of the flat-bottomed SAF (21.40). This evidenced 
that the cone-bottomed SAF had more mixing flow characteristics than the flat-bottomed 
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SAF. Except this, they had similar mean retention time, dead zone index, plug flow index 
and short circuiting index. Therefore, the hydrodynamics of reactor was little changed 
when the shape of the bottom of reactor changed. 
Table 5-1 The conditions and indices of experiment 3, 4, 7 (experiment 3 and 4 are 
duplicates) 
The indices and conditions Experiment 3 Experiment 4 Experiment 7 
Shape of the SAFs Cone-bottomed Cone-bottomed Flat-bottomed 
Media Non-collapse Non-collapse Non-collapse 
wool wool wool 
The weight of wool (g) 35.48 35.48 35 .31 
Aeration (Llmin) 1.0 1.0 1.0 
Biofilm na na na 
The time for 10% 
probability of total mass 10 1 92 84 
recovery (min) TJO 
The time for 90% 
probability of total mass 17 18 1561 1798 
recovery (min) 'r;o 
The time at peak 
200 180 180 
concentration (min)lp 
Empty-bed HRT 
V /Q 1320 1320 1320 
(min) T 
Mean residence time 
-(min) t 1372 1337 1353 
MOlTiIl index 
T90 I T,o 17.01 16.97 21.40 
Dead zone index 
-
t i T 
1.04 1.01 1.03 
Plug flow index 
0.15 0. 14 0.1 4 tp I T 
Short circuiting index 
0.85 0.87 0.87 -l - Ipl t 
Dispersion Number 1.l6E+ 11 l.33E+ 11 1.30£+ 11 Nd 
na: not avaIlable 
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5.1.2 The comparison of the clean-bed SAFs with wool under non-aeration 
and aeration conditions (experiment 1-4) 
Experiments I and 2 were run under the same conditions, as were experiments 3 and 4. 
These duplicate measures show some experimental variability but the pattern is 
reproducible. The '1;,0 of experiment 2 was J 1 hrs earlier than experiment 1 and thus the 
MOlTill index of both experiments is different. But the mixing flow characteristics of 
reactor unchanged according to the same plug flow index (0.61) and the time at peak 
concentration (805 min and 810 min for experiment 1 and expeliment 2, respectively). 
And dead zone and short circuiting index of both experiments were similar. The 
difference of experiment 3 and experiment 4 was insignificant. T 90 of experiment 3 was 
2.5 hrs later than that of experiment 4. But the Mon·ill index of experiment 3 and 
experiment 4 was simi lar, so were the other indices. As shown from results, the final lag 
of flow has some change although the early exit stage of tracer is stable. This could be 
expected because the hydrodynamics of reactor is not ideal flow pattern. 
Eventually the wool does di sperse and start to biodegrade (see section 5.1.4). This did not 
happen with the clean water tracer trials over the 4 days of the experiments. For 
convenience and brevity the undispersed non-degraded wool is referred to in the rest of 
the thesis as non-collapsed whereas the biodegraded material was refened to as collapsed. 
Tracer responses study for SAF containing the media wool with non-aeration and aeration 
are depicted in the fOITn of skewed peak curve (Figure 5-3). The peak tracer signals of 
SAFs with non-aeration occulTed at about 13.5 hrs, about half the theoretical retention 
time tp I T = 0.6. Tracer responses for SAF with wool study with aeration of 1.0 Limin 
are shown in the fOITn of a shift to shorter retention (Figure 5-3, experiments 3 and 4). 
The peak tracer signals of SAF with aeration occuned at about 3 hrs, compared to the 
theoretical HRT of 22 hrs. The aeration had increased mixing as expected but did not 
generate as much internal recycle as expected. 4% of the tracer is retained for longer 
when the reactor is aerated. 
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There are some reasons to explain thi s: 
I) The presence of the no vel media had some effect on the effective volume of the 
reactors since the theoretical HRT is empty-bed HRT. Some researchers (Smith et al., 
1996; Suja, 2004) supported the point that media can affect the hydrodynamic pattern 
of reactors. 
2) the flow pattern is not completely plug-flow. Plug flow and mix flo w are ideal and 
theoretical flow pattern. Actuall y, these two flow pattern can not happen at all. 
The results show as expected that aeration is an important effect on the hydrodynamics of 
the reactor. Both the distribution of air and the bubble sizes were uneven across the plan 
area of the reactor. Channels could be expected to generate short circuiting. Even taking 
into account the fact that these experiments were at small scale similar problems could be 
envisaged at full scale. The air can not easily be evenl y dislIibuted due to lab conditions. 
Figure 5-3 shows that, with aeration, tracer responses appeared in the effluent streams 
shortl y after the tracer was injected. The initial lag periods before the tracer reached the 
peaks was about 3 hrs. The tracers subsided evenly and graduall y reduced to insignificant 
levels at a period of four times the HRT of 22 hrs. This data suggests that there is 
significant short circuiting in the SAFs with almost half the tracer emerging before the 
theoretical HRT of 22 hrs. The pattern of tracer curves Figure 5-3 and Figure 5-4 reflect 
more closely to the response of a completely mixed-flow reactor than that of a plug-flow 
unit. Without aeration, the tracer appeared in the effluent streams 3 hrs after injection 
whereas this was peak concentration with aeration. The initiallag period before the tracer 
reached the peaks were about 13.5 hrs. The pattern without aeration in the experiments 1 
and 2 reflects more closely the theoretical plug flow response of a plug-flow (Tembhurkar 
and MJlaisalkar 2006; Kim and Bae, 2007). Accordingly, there is a less short circuiting in 
the SAFs under non-aeration conditions but also the maximum retention is also shorter 
without the internal recycle of the air. Results of the tracer analysis are summarized in 
Table 5-2. This averaged data confinns a significantly lower short circuiting index of 0.56 
and 0.59, compared to 0.85 and 0.87 of the reactor with aeration. The reactors contained 
no biomass and were in clean-bed operation, this short circuiting can be compared with 
later experiments with biomass accumulation and biogas production. It likely therefore 
that air flow through the filter media still causes charmel type preferential flow and 
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mixing. This has been reported previously by research Seguret et al. (1998) who found air 
bubbles may create significantly channel of tracer. Smith et al. (1996) and Suja (2004) on 
the other hand fo und that the media did reduce mixing caused by gasification, Smith et al. 
were working with inherent anaerobic biogas production and so gas production was much 
lower. Suja however was working with a BAF system at high rates of recycle and aeration 
Tabl e 5-2 The condi tions and indices of expeliment 1-4 (expeliment 1 and 2 are 
duplicates; experiment 3 and 4 are dupli cates) 
The indices Experiment 1 Experiment 2 Experiment 3 Experiment 4 
Non- Non- Non- Non-
Media collapsed collapsed collapsed collapsed 
new wool new wool new wool new wool 
The weight of wool (g) 35 .48 35.48 35.48 35.48 
Aeration (L/min) na na 1.0 1.0 
Biofi lm na na na na 
The time for 10% 
probability of total mass 508 556 10 1 92 
recovery (min) TIO 
The time for 90% 
probability of total mass 2822 2159 1718 1561 
recovery (min) T90 
The time at peak 
805 8 10 200 180 
concentration (min) I" 
Empty-bed HRT 
V /Q 1320 1320 1320 13 20 
(min) T 
Mean residence time 
- 1950 (min) I 185 1 1372 1337 
Morrill index 
0,0 17;0 5.56 3.88 17.01 16.97 
Dead zone index 
-
I I T 
1.48 \.40 1.04 1.01 
Plug flow index 
0.61 0.6 1 0. 15 0.14 I I' I T 
Short circuiting index 
0.59 0.56 0.85 0.87 I -II' l l 
Dispersion Number 1.76E+ll 1.44E+ I I 1.1 6E+ II l.33E+ 11 Nd 
na: not avaJl able 
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and still found an effect from the media. A possible explanation if the media was smaller 
and mobile which may have helped the intemal recycle better than fixed media in the 
SAF. 
As shown in Table 5-2, the mean retention time of reactor with wool media and with 
aeration was 1372 min and 1337 min, near to 1320 min of empty-bed HRT. Accordingly, 
the dead space in the reactor with aeration was 4% and I %. While the reactor without 
aeration had mean retention time 1950 and 1851 min but with 48% and 40% dead zone. 
Compared to the reactor without aeration, the SAF with aeration showed a lower volume 
of dead zone as might be expected from better mixing. 
The mean retention time and dead zone increased significantly when aeration was 
switched off. This suggests that the air could have reduced the dead zone, avoid a 
significant loss in reactor volume and decrease in the liquid residence time, but in fact the 
loss in dead volume was not accompanied by an increase in mean HRT. Some researches 
(Jimenez et aI. , 1988; Seguret et al., 1998; and Nabizadeh et aI. , 2000) found air bubbles 
may create significantly chatmels of the tracer affecting the transport but make 
hydrodynamic patterns more even in bioreactors. 
Table 5-2 shows changes in the MOtTill index of the reactors. The peak period of reactor 
without aeration came 10 hrs later and was much sharper and skewed than that with 
aeration reflecting the reduced mixing. This suggested that the tracer stayed much longer 
when the reactor without aeration. The Mortill index i.e. 1;0 and T90 reflect the normality 
of the curve. The plug flow index of reactor with aeration was 0.15 and 0.14, much lower 
than that of reactor without aeration (0.61). These data confirm the reactor with aeration 
had more characteristics of a mixed flow pattern compared to the reactor without aeration. 
All the Nd is very high, which indicates mixing flow occurs in the SAFs. Air could 
improve mixing in the reactors and however produce short circuiting and more 
channelling (Jimenez et aI. , 1988 and Nabizadeh et al., 2000). 
Seguret et al. (1998) for example worked with a floating, up-flow submerged biofi lter 
media which gave close to a better dispersed plug flow model. The different results 
between thi s study and the research of Seguret et a.1. (1998) may be that the superficial 
area / height of the biofilter was 40, which much bigger than that of the SAF, compared to 
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only 0.40, in thi s stud y where the reactor diameter was much smaller. Therefore, the 
hydrodynamic pattern of biofilter in the research of Seguret et al. (1 998) was more 
horizontal and dispersed to the sides. While in thi s study, the horizontal dispersed pattem 
to the sides was limited so that vertical disperse pattern was the important part. Suja 
(2004) studied the hydrodynamic pattem of BAF and believed that the BAF flow pattern 
was completely mixed flow and there was dead zone in the reactor, which is similar to the 
SAF flow pattem in this study. 
5.1.3 The comparison of SAFs with different media in c1ean-aerated-bed 
condition (experiment 5-8) 
Tracer responses for SAP with different media and different wools with aeration rate of 
1.0 Llmin are depicted in the fonn of skewed peak curve (Figure 5-5). The peak tracer 
concentration of the SAFs occurred almost at the same point (ranging from 2 to 3.5 hrs). 
The theoretical HRT was 22 hrs and although tbe peak concentration occurred much more 
quickly the median retention time (50% recovery of total mass of tracer added) has 
occurred at about 50% oftbe theoretical HRT (Figure 5-6). 
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Figure 5-5 The concentration comparison of the SAFs with Kaldnes, wool®, woolre<l and 
wool",>s,es in clean-aerated-bed condition 
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There are some common reasons to explain the short circuiting are: 
I) the air bubbles are not evenly distributed enough so that air channels are fonned as 
noted previously. The variability in the conditions of the experiments were limited 
and more work on air flows to improve dish'ibution is needed. 
2) The media was not as effecti ve at redi stributing the flows as hoped. The theoretical 
HRT is empty-bed HRT and it was possib le that in the case of the wool media there 
was a significant loss of volume. In the case of the Kaldnes the voidage (the specific 
vo idage % per unit vo lume for Kaldnes) is reported at 75% (Bellelo, 2006) and the 
RTD curves are similar for both wool and Kaldnes. Thus loss in volume is unlikely. 
Some researchers (Smith et al. , 1996; Suja, 2004) also suggested that media can affect 
the hydrodynamic pattern of reactors. 
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In addition, Figure 5-5 shows that initial tracer appeared in the effluent streams shortly 
after the tracer was injected. The initial lag periods before the tracer reached the peaks 
were 3.5 hrs in the SAF with wool®, 3.5 hrs in the SAF with Kaldnes, 3 hrs in the SAF 
with woolred and 2 hrs in the SAF with woolcross,, ' The tracer peak of SAF with Kaldnes 
appeared later than the others. It is possible that the Kaldnes had the least effect on 
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volume and voidage of the bed than wools. The tracers subsided after the peaks in a linear 
fashion until two times the theoretical HRT and gradually reduced to insignificant levels 
at a period of four times the HRT of 22 hrs. The pattem of tracer curve presented in 
Figure 5-6 and Table 5-3 reflects more closely to the response of a mixed-flow reactor 
than that of a plug-flow unit although between 2-3 hrs are needed to achieve complete 
mixing (Table 5-3). This is followed by the linear decline in tracer in proportion to flow 
rate. Figure 5-6 suggests about half the tracer emerges before the theoretical HRT and so 
that there is significant ShOlt circuiting in the SAFs operating at the empty-bed HRT of22 
hrs. The longest lag period and the lowest short circuiting index (Table 5-3) exhibited by 
the SAF with Kaldnes may indicate less short circuiting due likely to the fact that Kaldnes 
was a floating moving media. Air flow and liquid flow were harder to produce channel 
and mixing through the floating media. All the types of wool were fixed in the reactor and 
cannot float everywhere so the air and liquid flows through channels. 
The results of the tracer analysis are summarized in Table 5-3. The results of clean-bed 
analysis shown in Table 5-3 confinned that there was significant short circuiting in SAFs 
as measured by the short circuiting index. The Kaldnes has a lower short circuiting index 
of 0.86, compared to the others but whether this is significant requires more work. Since 
there was no organic substrate being fed into the reactors which contained no biomass in 
the operation and the SAFs with al l types of wool and Kaldnes had no biofilm, short 
circuiting caused by biomass accumulation and biogas lifting has been ruled out. The fact 
that the lowest magnitude of short circuiting was shown in the SAF with Kaldnes may 
indicate that Hoating moving media is beneficial. 
The SAF with woolcrosses had the highest short circuiting index 0.91. This suggests that the 
affective volume within the bed had been much reduced causing significant decrease in 
the liquid residence time within the reactors. It is noteworthy that the media woolred and 
wool crosses could not be distinguished as shown in the Table 5-3 , 0.87 and 0.9 1 of shOlt 
circuiting index for wool"d and woolcrosses, respectively. In addition, these reactors 
showed high degrees of short circuiting which caused by the air flow through the filter 
media causing chal1l1el flow rather than backmixing and the media unevenly di stributed 
(Figure 5-7 and Figure 5-8). Under these conditions it may be concluded the additional 
chemical coating of the woolred had no effect. 
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The mean residence time in SAFs with original wool®, woolred and woolcrosses are all 
similar to the theoretical residence time. The mean retention time of SAF with Kaldnes, 
wool®, wool'ed and woolc,osscs was 1478 min , 1353 min, 1398 min and 1333 min, 
respectively. In these four reactors, the mean retention time of SAF with woolcro"es was 
the closest to empty-bed HRT and that ofSAF with Kaldnes deviated the most compared 
Table 5-3 The conditions and indices of experiment 5-8 
The indices Experiment 5 Experiment 6 Experiment 7 Experiment 8 
Non- Non- Non-
Media biodegraded biodegraded biodegraded Kaldnes 
wool,ed woolcrosses wool 
The weight of wool (g) 40 40 35 .31 NA 
Aeration (Llmin) 1.0 1.0 1.0 1.0 
Biofilm na na na na 
The time fo r 10% 
probabili ty of total 
85 69 84 89 mass recovery 
(min) 7;0 
The time for 90% 
probability of total 
2069 1955 1798 1795 mass recovery 
(min) Too 
The ti me at peak 
180 120 180 210 
concentration (min) I p 
Empty-bed HRT 
V /Q 1320 1320 1320 1320 
(m in) T 
Mean residence time 
-(min) I 1398 1333 1353 1478 
Morri ll index 
Too 17;0 24.34 28.33 21.40 20 .17 
Dead zone index 
- 1.06 
t i T 
1.01 1.03 1.1 2 
Plug fl ow index 
0. 14 0.09 0. 14 0. 16 t IT p 
Short circuiting index 
0.87 0.9 1 0.86 - 0.87 
l - I pl/ 
Dispersion Number 1.37E+ ll 1.30E+ l1 1.30E+ 11 1.43E+ l1 Nd 
na: not avadabl e 
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Figure 5-7 The picture of the SAF with badly-distributed wool"uss", 
Figure 5-8 The picture of the SAF with bad-distributed wool"'d 
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to empty-bed HRT. At the same empty-bed HRT, the mean retention time has a 
relationship closely related to the dead zone index. Therefore, as shown in Table 5-3, the 
dead space in the SAF with Kaldnes, wool®, wool roo and woolcrosscs was 12%, 3%, 6%, 
and 1 %, respectively. SAF with woolcrosses showed the lowest dead zone index, thereby, 
indicating the smallest degree of dead zone. The mean residence time in SAFs with 
Kaldnes is slightl y longer and hence the greater dead zone index. Compared to the SAF 
with Kaldnes, the SAFs with wool® and WOOI, ed had much smaller dead space. The type 
of media is one suggestion for this di fference. Temburkar and Mhaisalkar (2006) believed 
that the packing medium could provide interstitial intercormecting pathways for liquid 
flow to reduce the dead space. The movement of the Kaldnes was another possibility. 
This caused the media in the reactor to be unevenly distributed through the reactors due to 
the antagonistic effects of air and gravity. The Kaldnes accumulated in the bottom and 
possibly produced more dead zone to trap the tracer and prolonged the mean retention 
time. Temburkar and Mhaisalkar (2006) confimled that higher concentrations of floating 
media were observed at the bottom of the reactor while relati vely lower concentration 
occur at the top. 
In the Table 5-3 , the Morrill index and plug flow index show the mixing pattem within 
the bioreactors. Under the same aeration and flow rate condition, the Morrill index of 
SAF with Kaldnes, wool®, wool red and woolcrosses was 20.17, 21.40, 24.34 and 28.33, 
respectively. The plug flow index of SAF with Kaldnes, wool®, woolroo and woolcrosses 
was 0.16, 0.14, 0.14 and 0.09, respectively. The hydrod ynamic behaviour of all SAFs 
with Kaldnes, wool®, woolred and woolcrosses were predominantly completely mixed flow 
as noted previously. High Nd also indicated the completely mixed flow in the SAFs. 
Among these reactors, SAF with Kaldnes had slightly more plug flow properties than the 
others (Table 5-3). The SAF with woolcrosses showed the most mixing. But because the 
woolcrosscs and wool roo can not be unevenly di stributed, the hydrod ynamics of SAF with 
woolcrosses and woolred need to be nuther studied. The real significance of these 
differences could require confirmation by several replicates and it was assumed any 
differences could be magnified by biomass and biogas production in the later experiments. 
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5.1.4 The comparison of SAFs with wool and Kaldnes in dirty-bed and clean-
bed conditions (experiment 7-10) 
Tracer responses for SAF with wool study wi th aeration of 1.0 Llmin and biomass are 
depicted in the form of the skewed peak curve (Figure 5-9). The peak tracer signals of 
SAFs occulTed almost at the same period ranging fi'om 3 to 5 hrs as the clean beds. The 
tracer peaks as before appeared in the effluent much earlier than predicted based on the 
theoretical HRT of22 hrs. 
Figure 5-9 shows that the dirty-bed tracer responses appeared in the effl uent streams 
shortly after the tracer was injected. The initial lag periods before the tracer reached the 
peaks were 3 hrs in the SAF with Kaldnes and 5 hrs in the SAF with wool. The tracer 
peak of SAF with wool appeared 2 hrs later and that Kaldnes appeared 0.5 hrs later than 
that in the clean-bed study indicating the increase of the effective volume of the filters. 
The tracers then followed the completely mixed pattem, subsided after the peaks and 
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Figure 5-10 The F(0) comparison of the SAFs with wool® and Kaldnes in the clean-bed 
and dirty-bed condition 
gradually reduced to insignificant levels at a period of four times the theoretical HRT of 
22 hrs. The pattern of tracer curve Figure 5-10 reflects closely the response of a mixed-
flow reactor compared to that of a plug-flow unit. The median retention time Tso is also 
less than the empty-bed contact time showing short circuiting which could cause poor 
perforn1ance. The 1';0 value (Table 5-4) shows 10% of the tracer emerges in the first 1-1.6 
hrs indicating significant short circuiting in the SAFs operating at the HRT of 22 hrs. The 
longest lag period and best T,o exhibited by the dirty-bed SAF with wool indicates the 
relatively lowest of short circuiting. This could be due to the fact that the tracer diffused 
in and out ofbiomass and wool was beginning to be degraded and escape from the Flocor 
which caused more but finer porosi ty. Another possibility is the air was less able channel 
because of the unconfined wool and was evenly distributed in the bioreactor. These 
decreased the extent of short circuiting. Results of the tracer analysis are summarized in 
Table 5-4. The significantly lower short circuiting index of 0.79 for the biD mass wool 
corroborates ilii s analysis and interesting there is no improvement in the Kaldnes with 
biofilm which suggests tl1at it is the change in wool which is different. The comparative 
results of clean-bed analysis shown in Table 5-4. The clean-bed SAF with wool showed 
the greatest short circuiting than the clean-bed SAF with Kaldnes. The reasons may be 
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related to the fact that wool is fixed media, but Kaldnes moves and floats which produced 
more mixing. Thus so far all the evidence corroborates the research of Seguret et al. 
(1998) who suggested that air bubbles will create significantly chatmels in the reactor. In 
the case of the wool (experiment 9) however after biofilm appeared wool started to loose 
its structure and collapse into floating strands (referred to as collapse) and the state of 
Table 5-4 The conditions and indices of experiment 7- 10 
The indices Experiment 7 Experiment 8 Expetiment 9 Experiment I 0 
Non- Partiall y-
Media biodegraded" Kaldnes biodegraded Kaldnes 
wool woolb 
The weight of wool (g) 35.3 1 NA NA NA 
Aeration (Llmin) 1.0 1.0 1.0 1.0 
Biofi lm na na yes yes 
The time for 10% 
probability of total mass 84 89 102 62 
recovery (min) 7,0 
The time for 90% 
probability of total mass 1798 1795 1837 1625 
recovery (min) Too 
The time at peak 
180 210 297 180 
concentration (min) I" 
Empty-bed HRT 
V /Q 1320 1320 1320 1320 
(min) T 
Mean residence time 
-(m in) I 1353 1478 1387 1295 
Morri ll index 
T90 17;0 21.40 20.17 18.01 26.21 
Dead zone index 
- 1.03 
I IT 
1.12 1.05 0.98 
Plug flow index 
0. 14 0.16 0.23 0. 14 I I' IT 
Short circuiting index 
0.87 0.86 - 0.86 0.79 1-/ ,, 1/ 
Dispersion Number 1.30E+l1 1.43E+ ll 9.94E+ \O 1.05E+ 11 Nd 
. , 0 
na. not aVaIlable , evenl y distrIbuted structured wool at tile begll1Illng of the expenment dIspersed and 
biodegraded wool instead of collapsed 
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short circuiting changed. The dirty-bed SAF with Kaldnes had a Illgher short circuiting 
index than the dirty-bed SAF with wool. The RTD is similar for both clean and dirty 
Kaldnes. SAF with patiially-collapse woo l showed less evidence of short circuiting than 
other media. This showed that biomass and state of the wool play an imp0l1ant role in 
short circuiting in thi s reactor design. The definition of a collapsed wool bioreactor was 
that the wool had become displaced from the Flocor and dispersed atld scattered within 
the bioreactor compared to the new wool bioreactors where the wool was confined and 
structured. Wool which was patiiall y co llapsed and dispersed and scattered in bioreactor, 
could overcome the effect of the air bubbles causing channelling and thus increasing 
some backmixing. The fact that the lowest magnitude of ShOli circuiting was shown in 
dirty-bed with patiially-collapsed wool by nature of its scattering in bioreactor may 
contribute to better TOe removal efficiencies (wi ll be analyzed in later section). Despite 
its high specific surface but low porosity of 0.75 (Bellelo , 2006), the SAF with Kaldnes 
on the other hand, was not as good showing the highest ShOli circuiting index of 0. 86. 
Porosity is too low relative to the volume of media. This suggests that the effective 
volume within the bed had been reduced causing significant decrease in the liquid 
residence time within the reactors. Show and Tay (1999) also confinned the short 
circuiting have relationship with the porosity of media. When the porosity of media was 
reduced from 90% to 75%, the short circuiting increased by 25% and 14%. 
The mean retention time of SAF with wool increased from 1353 min to 1387 min with 
biofilm increase compared to the empty-bed retention time. This suggests that some tracer 
was trapped in slow exchange or dead zone causing significantly increase in the liquid 
residence time within the reactors indicated in Table 5-4. The mean residence time in the 
clean-bed SAF with wool is approximate to the theoretical residence time, whi le the mean 
residence time in the clean-bed SAF with Kaldnes is slightly longer than the theoretical 
residence time and hence the greater bacianixing and dead zone. The mean residence time 
in the dirty-bed SAF with Kaldnes is simi lar to the theoretical residence time, compared 
to the increase in tlle biofilm SAF with wool. In the biofilm with SAF with Kaldnes, the 
HRT has decreased to 1295 min which may indicate a reduction in buoyancy and 
therefore movement of the Kaldnes. This could reduce backmixing although more work is 
needed since the result is small and a compromise result of different hydrodynamic 
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factors . Changes in media density and reactor mixing has been reported previously (Smith 
et al. , 1996; Suja, 2004). 
To summarise the dead zone of the SAF with wool was 9% better without biofilm than 
the Kaldnes but 3% worse with biofilm for wool. Biofilm is not therefore the reason for 
this change. It is more likely to be the change of wool status which affects the 
hydrodynamic pattern within bioreactor. Since the wool will stal1 to di ssipate and collapse 
after the growth of biofilm (will be analyzed in later section) , this was palt of the 
objectives it will be clarified that wool status will be more influential than biofilm on 
backrnixing and dead zones. 
Some researchers (F.Fdz-Polanco et aI. , 1996) considered the biofilm played only a trivial 
role in the hydrodynamics of bioreactor since the thin biofilm occupies little room 
compared to media. Nabizadeh et al. (2000) also believed that biofilm had no affect on 
hydrodynamics of bioreactors. However, Show and Tay (1999) found that biofilm caused 
dead zone and Sh0l1 circuiting in anaerobic fi lters. The biofilm in anaerobic filters had 
reduced 43-57% of the affective volume. Biomass in anaerobic reactors is different often 
forming coprecipitates with inorganics granules. But Smith et al. (1996) has published 
work on RTDs of anaerobic reactors and suggested beneficial effects of biofilrn due to 
gas production. The affection ofbiofilm need to be further researched. In thi s study, there 
was no evidence that biofilm caused short circuiting. The biofilm and wool collapse could 
prolong mean retention time, increase the mixing and improve perfonnance of the SAF 
with wool. Therefore, it was not possible to say that biofilm definitely causes negative 
changes to hydrodynamic patterns. 
In the Table 5-4, the Morrill index and plug flow index are also shown for the mixing 
pattern within the bioreactors. Under clean-bed condition, the Morrill index of SAF with 
wool was 1.23 higher and the plug flow index was 0.02 lower than that of SAF with 
Kaldnes. The SAF with wool had more characteristics of plug flow pattern compared to 
the SAF with Kaldnes when the condition changed to the dirty-bed state. In dirty-bed 
SAF with wool , the Morrill index decreased to 18.01 from 21.40 and plug flow index 
increased to 0.23, while the Morrill index of dilty-bed SAF with Kaldnes increased to 
26 .21 from 20.17 and plug flow index reduced to 0.14. Thus the behaviour was reversed 
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by the ageing of the wool and biofilm. Both however sti ll show a predominate flow 
pattern which was still completely mixed flow confinned by high Nd. This difference 
may be attribute to media type. The wool started as a fixed media which became more 
mobile but the Kaldnes started as floating and became more fixed. Wllen the wool 
collapse, the plug flow characteristics was more evident. 
5.1.5 Summaries 
When the SAF with wool was not aerated, it took tracer 13.5 hrs to reach peak 
concentration. The reactor had low short circuiting (0.59 and 0.56) and high volume of 
dead zone (48% and 40%). Plug flow characteristics also appeared in the reactor and 
therefore the mean retention time was prolonged to about 31 hrs compared to the empty-
bed retention time of 22 hrs. Wllen the condition changed to aeration, the tracer took 3 hrs 
to arrive at peak concentration. Both the short circuiting and dead zone of the reactor 
were changed, based on a high short circuiting index of 0.85 and 0.87 and the low dead 
zone index of 1.04 and 1.0 I . The mean retention time also decreased to near to empty-bed 
HRT. This showed that air flow tlu'ough the filter media may cause chaJUlel type 
preferential flow with much back mixing, effectively reducing the dead zone. 
Wllen the tracer experiments were studied for different media, the SAF with Kaldnes had 
the largest effective volume and the lowest short circuiting. Since the Kaldnes was a 
floating media, through which air and liquid flow had to pass it was harder to produce 
channel and mixing. Neither type of woolced nor woolcrosses produced better di shibution in 
the reactors. But the SAF with Kaldnes showed the highest dead zone (1.12) and the SAF 
with woolcrosscs had the lowest dead space (1.0 1). The dead zone in the c1eaJl-bed SAFs 
with wool®, woolccd and woolcrosscs were all similar. The reason of the high dead zone of 
SAF with Kaldnes was the Kaldnes although mobile was unevenly dishibuted due to 
gravity. The Kaldnes was more crowded in the bottom of reactor. Therefore, the SAF 
with Kaldnes had slightly more plug flow properties than those with wool®, woolred aJld 
woolcrosses. The last one showed the best mixing, but it is uncertain whether thi s is 
si gni fi can t. 
[n clean-bed condition, the SAF with Kaldnes had the highest dead space, thus the mean 
retention time of the SAF with Kaldnes was a little bit longer than empty-bed HRT. The 
both SAFs with either Kaldnes or wool showed the predominately well mIx 
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characteli sti cs. After the biomass appeared, the SAF with Kaldnes had more mixing but a 
lower retention time and hence a lower dead space . Because wool was paliiall y co llapsed, 
the fl ow was more di spersed than non-collap se woo l and hence overcame the effect of air 
causing channelling. In thi s study, the biofilm and wool collapse could prolong mean 
retention time, increase the mixing and improve perfonnance of the SAF with wool. 
In addition, in the replicated experiments the di fference of the results and the indices is 
less than 10%. Thi s evidence the experiments are reproduced and independent. 
5.2 AGEING STATUS OF WOOL AND 
MICROORGANISMS IN THE SAFS 
5.2.1 Ageing status of wool 
As showed in the Figure 5-1 J to Figure 5- J 2 of SEM, the cuticle o f raw woo l looks intact 
and undamaged and has no clue to co ll apse. The fines were thought to be attached to the 
raw wool. After the SAF with woo l was fed with tap water, they were washed away tram 
the raw wool and would have flowed out of the reactor. 
To stud y the background durability of the wool, the fi lter was continuously fed tap water 
to research how long the wool fi lter could support itself in tap water. The ex periments 
with an initi al 38.2 g of wool mixed randoml y with Flocor and in room temperature, 
supPol1 showed no co llapse during 90 days experiment (Figure 5-1 3). 
On the other hand, after the raw wool was added into the operating SAF to treat 
wastewater, the status of the wool changed. From the Figure 5-14-- Figure 5-1 9, it 
could be concluded that the wool had began to change within 1-2 weeks. The wool fibres 
used fo r syntheti c wastewater treatment after 4 weeks were partiall y destroyed, which 
could be seen by the di sappearance of the cuticl e scale from the wool, breaks in the fibres 
and spli tting open of the core cortex fib res (see secti on 3.2.3). After 10 weeks, the 
extensive damage to the wool was obvious and the core cortex fibres had split open. 
Compared to the stable status of wool in the tap water, the onl y reason for rapid coll apse 
of woo l in wastewater was due to biomass acti vity. 
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Figure 5-11 SEM picture of raw wool (1000 times magnification) 
Figure 5-12 SEM picture of raw wool with attached debris (1000 times magnification) 
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Figure 5-13 SEM picture of wool in tap water (1000 times magnification) 
Figure 5- 14 SEM picture of wool input in operating SAF for 1 week. (1000 times 
magnification) 
124 
Chapter 5: Results and Discussions 
Figure 5-1 5 SEM picture of wool input in operating SAF for 2 weeks. (1000 times 
magnifica tion) 
Figure 5-1 6 SEM pictures of wool input in operating SAF for 3 weeks. (1000 times 
magnification) 
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Figure 5-1 7 SEM pictures of wool input in operating SAF for 4 weeks showing removal 
of the cuticle and exposure of the fibres. (1000 times magnification) 
Figure 5-1 8 SEM pictures of wool input in operati ng SAF for 8 weeks showing removal 
of the cuticle and exposure of the fibres. ( 1000 times magn ification) 
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Figure 5-1 9 SEM pictures of wool input in operating SAF for 10 weeks showing removal 
of tJl e cuticl e and exposure of the fibres. (1000 times magnification) 
5.2.2 Microbiology of SAFs 
After the samples were magnified 100 times, the biomass in tpe SAFs was investi gated . 
The biomass of SAFs in this study shared some cOlmnon characteri stics with that of 
trickling filters and activated sludge. From the pictures (Figure 5-2Q--Figure 5-23), it 
could be seen that Protozoa (Amoebal and Ciliates, Vorticella) and Nematodes appeared 
in the SAFs. In Figure 5-20---Figure 5-22, the quality of biofilm attached to the wool 
showed the wool media was a good carrier. Amoeba! and Ciliates, Vorticella are usually 
present in normally loaded reactors. Ciliates, particularly Vorticella, appearing in both 
SAFs, is characteristic of a good supply of oxygen. The growth rate of Nematodes and 
Rotifiers are around 5- 10 days. Their presence indicates a sludge age of at least th.i s. They 
are also an indicator of near saturated di ssolved oxygen and therefore low concentrations 
of organic matter (Mudrack and Kunst, 1985), which indicated the pollutants were well 
biodegraded before leaving the SAFs. Suspended floes could also be seen in the Figure 
5-22, which was a part of effluent SS . 
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In addition, it was evident that biomass was not fully covering on the wool. So the 
performance of the SAF with wool may be better in time as the biomass developed 
depending on the degradation and collapse of the wool. 
Figure 5-20 Amoebal and filamentous bacteria in the SAF with wool 
Figure 5-21 Cilia/es, Vorticella in the SAF with broken woo l 
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.. 
Figure 5-22 Nematodes in the SAF with wool 
Figure 5-23 Ciliates , Vorticella in the SAP with Kaldnes 
. 
, 
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5.2.3 Summaries 
The SEMs and photography show that the wool does biodegrade over a period of weeks, 
It is suggested thi s could benefit reactor operation since clogging of smaller media used in 
biofiltration is actuall y the most commonly reported problem, The results have indicated 
the wool may improve hydrau lic pattems and retention of hydrophobic recalcitrant 
materi als to improve biodegradation, More research on wool as a sustainab le fi lter is 
therefore justified, 
5.3 THE PERFORMANCE OF SAFS FOR SYNTHETIC 
MUNICIPAL WASTEWATER 
lnfluent TOC of 101 mgL-1 (Table 5-5) is average typical levels fo r settl ed sewage from 
domestic applications, The pH value of influent and effl uent were mai nta ined between 7 
and 8, which is ideal for biomass metaboli sm and growth , The infl uent concenh'ations 
were allowed to vary to simulate real condition although the standard deviation (SD) was 
limited, 
Comparing the resul ts of Tabl e 5-5 for the contro l SAF with Ka ldnes® and the SAF with 
wool, the process perfonnance was di vided into fi ve sections: 
1) TOC removal perfonnance 
2) Suspended Solid removal perfonnance 
3) Turbidity removal perfonnance 
4) Nitrifi cation removal perfOlm ance 
5) Temperature affect on SAF perfonnance 
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Table 5-5 The influent and effluent average value and SD 
at theoretical empty-bed HRT of22 hrs for steady operation over 99 days 
A VERAGE VALUE SD (48a) 
Influent 10 1.04 19.50 
TOe (mglL) wool 5.80 1.48 
effluent 
Kaldnes 6.77 2.52 
Influent 7.56 0.33 
pH wool 7.26 0.82 
effluent 
Kaldnes 7.42 0.19 
Influent 162.49 32.03 
SS (mglL) wool 5.20 3.66 
effl uent 
Kaldnes 19.44 14.1 1 
Influent 31.91 17.00 
Turb idity (NTU) wool 0.98 0.57 
effluent 
Kaldnes 2.13 1.52 
Influent 33.32 8. 10 
NH4-N (mglL) wool 0.31 1.20 
effluent 
Kaldnes 0.43 1.39 
Influent 17. 10 1.96 
TEMPERATURE 
wool 18.49 1.92 (0C) 
effluent 
Kaldnes 18.30 1.96 
a means the total number of data 
5.3.1 TOe removal efl1ciency of SAFs for synthetic municipal wastewater 
After the 29'h June (Figure 5-24) the biofilm became mature (day number 60 from start up) 
and the TOe concentration of the effluent from the two reactors was stable. The organic 
loading rates were modest in this study compared to other SAF and BAF processes but 
comparable with AS and greater than trickling filters. The experimental results of the 
TOe concentration in the feed and effluent for the duration of the experiments are shown 
in Figure 5-24 and Table 5-5. There is some variance in the TOe concentration of 
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influent which fluctuated with a standard deviation of 20, the effluent quality in tenns of 
TOC ITom the two biofilters was constant and the reactors generall y exhibited stable 
performance throughout the experiment period. The SD of effluent for the SAF with wool 
and Kaldnes was 1.48 and 2.52, respectively. The TOC removal perfonnance ITom the 
SAF with wool was therefore more stable than that in the SAF with Kaldnes. The average 
values and SD of Figure 5-24 sUlIunarised in Table 5-5 show that there was 93% TOC 
removal fi·om both SAFs on average at ambient temperature range of 12.5-19 DC. This 
corresponds to about 0.10 kg/m) TOC removal per day based on an average 0. 11 kg/m) 
TOe load per day for both SAFs. This high process efficiency resulted in a mean effluent 
concentration less than 7 mg/L of TOe for the above temperature range. The TOC 
removal efficiency of the SAP with Kaldnes media was slightly lower than that of the 
SAF with wool media. But the difference between the two bioreactors was indistinct. The 
maximum TOC removal efficiency was up to 97.02% and 97.60% in the wool and 
Kaldnes reactors, respectively. The average removal efficiency was 94.26% and 93.30% 
in reactors with wool and Kaldnes, respectively. lt is possible that the reason for the 
difference may be the reduced short circuiting in the wool SAF compared to the Kaldnes 
SAF. The mean retention time of the SAF with wool was also longer than the Kaldnes 
SAF. This could result in greater diffusion of pollutant between the bulk solution and 
biofilm. This may be another reason that the TOC removal efficiency of the SAF with 
wool was higher than that of the SAF with Kaldnes. 
These results compare well with previous literature on SAFs. Kim (2003) reported on a 
study of a single filter packed with granular sulphur to treat wastewater where the load 
was 0. 17 kgCOD/m] d compared to this study which was 0. 18 kgCOD/m ] d equi valent. 
The submerged aerated filter plant (PE 20,000) in the UK (Robinson et aI., 1994) could 
remove 94.9% BOD with the influent condition of 75 mg/L, compared to this study which 
was 91 mgBOD/L equivalent. 
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Figure 5-24 TOe influent and effluent concentration ofSAFs for synthetic municipal 
wastewater 
5.3.2 SS removal efficiency of SAFs for synthetic municipal wastewater 
After the biofilm became mature (day 60), the SS effluent concentration also gradually 
became stable. The SS effluent concentration from the SAFs was assumed to be in steady 
state at this time and wi th the stable despite changes in the SS concentration of influent. 
The experimental results of the SS concentration in the feed and effluent for the duration 
of the experiments are shown in Figure 5-25 and Table 5-5. The SO of the SS influent 
concentration of was 32, the highest of all parameters. The effluent quality in terms of SS 
from the SAF with wool was steady, SD 3.66 compared to 14.11 in the Kaldnes. Both 
reactors exhibited stable performance throughout the experiment period and the SS 
removal perfonnance in the SAF with wool was more stable than that in the SAF with 
Kaldnes. The SS effluent concentration in the Kaldnes reactor fluctuated in sympathy 
with the influent SS. This is as would be expected from the well mixed reactors described 
in section 5. 1.4 the RTD study. The average values and SD of Figure 5-25 summ arised in 
Table 5-5. revealed that up to 88% removal of both SAFs was maintained at the ambient 
temperature range (12.5-1 9 0C). This corresponds to average 0. 15 kg/m3 per day of SS 
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removal based on an average 0. 18 kglm3 per day SS loading for both SAFs, 
cOITesponding to a total so lids yield of 0.03 kgDS/m3 d. While under similar load 
condition, the trickling filter has 0.05 kgDS/m3 d of a total solids yield and activated 
sludge process has 0.5 kgDS/m3 d of a total so lids yield (Mara and Horan, 2003). This 
high process efficiency resulted in a mean effluent concentration of the SAF with wool 
less than 6 mglL of SS for the above temperature range. The SS remova l efficiency of the 
SAF with Kaldnes media was lower than that of the SAF with wool media. Thi s showed 
that the finer pore size in the wool SAF has ability to fi lter out and retain more SS. The 
SS removal efficiency was up to 100% and 97.60% in the reactors with wool and 
Kaldnes, respectively. The average removal efficiency was 96.80% and 88.04% in 
reactors with wool and Kaldnes, respectively. The reason for the difference is the wool 
has better filter ability and may have some advantages for the removal of the hydrophobic 
materials (see in section on oestrogens). 
The similar removal efficiency occulTed at the submerged aerated filter in the UK 
(Robinson et al., 1994). But it worth to mention that most of SAFs are reported to have a 
disadvantage for SS removal compared to BAF. Hamoda et al. (1998) for example in a 
SAF study achieved about 40% SS removal efficiency. The research carried in 2000 
(Cannon) data got 51.78% and 53.37% SS removal efficiency at a HRT of 18 hrs and 28 
hrs, respectively. The study by Kim (2003) on SS removal by a single filter packed with 
granular sulphur achieved 90% with a SS load of 0.06 kglm3 d, which was lower than the 
SS load in thi s study 0. 18 kglm3 d. It was concluded by these authors was due to most of 
SS was detached biomass. Therefore, in the usual wastewater treatment process, SAFs, 
AS and trickling filters, the unwanted SS need to removed by secondary settlement 
fo llowing the bioreactors. In thi s study, the SS could be wel l removed to EU standards 
(UWTD, 1991) by the SAF with wool. This meant that the secondary settlement is not 
needed and the cost will be reduced when the media of SAF is wool. 
134 
~ 
~ 
· 
, 
" ~ 
, 
z 
· 
, 
" 
• ~ 
'" 
"" 
'" 
"" 
Chapter 5: Results and Discussions 
,------- ----------------------,'" 
~--\--_1I~-_.~----._----,~------H·~ 16C ~ 
~ 
. 
3 
Hr"\+---V~----'L-_+HH 120 ~ 
ffi 
~ 
r----~~_1~--------------------1ao ~ ~ 
~ r-~-II~----~-~~----------_+~----_1 " 
, , , , ~ , , , , , , , # # # # ~ 
~ ~ ~ * • • • • & • • * • ~ • ~ , 
TIME 
__ N'lL£NT __ 8'FlL.ENTFROMWOOl __ EFFlL&ll"FROMKALCNES 
Figure 5-25 SS influent and effluent concentration of SAFs for synthetic municipal 
wastewater 
5.3.3 Turbidity removal efficiency of SAFs for synthetic municipal 
wastewater 
The Turbidity results follow a similar pattern to the TOe data. The Turbidity in the 
effluents gradually became stable. The Turbidity of the effluent from the SAF with wool 
was steadier than the Kaldnes following the previous results. The Turbidity concentration 
in the feed and effluent for the duration of the experiments are shown in Figure 5-26 and a 
summarized in Table 5-5. Although the Turbidity concentration of influent fluctuated 
significantly (23 rrl lun_16th Aug), the effluent quality in tenns of Turbidity from two 
biofilters was relatively constant and the reactors generally exhibited stable perfonnance 
throughout the experiment peIiod. The SO of effluent for the SAF with wool and Kaldnes 
was 0.57 and 1.52, respecti vely. The SO of the SAF with wool was much lower than that 
of the SAF with Kaldnes . This evidence was also that the wool SAF was more stable and 
able to remove finer so lids than that in the SAF with Kaldnes. The average values and SO 
of Figure 5-26 summarised in Table 5-5. revealed that up to 93% Turbidity removal of 
both SAFs was maintained at ambient temperature ranged 12.5-1 9 DC. This high process 
efficiency resulted in a mean effluent concentration of both SAFs less than 3 NTU of 
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Turbidity for the above temperature range. The Turbidity removal efficiency of the SAF 
with Kaldnes media was slightly lower than that of the SAF with wool media, which was 
concurrent with the SS removal result. This showed wool has abi lity to produce a very 
clear effluent. The best Turbid ity removal was 98.79% and 97.99% in the reactors with 
wool and Kaldnes, respectively. The average removal efficiency was 96.93% and 93.32% 
in reactors with wool and Kaldnes, respectively. The reason for the difference is the wool 
have better filter and adsorption abi li ty, better surface area and smaller pore sizes which 
made it a more effective collector of fine particles. This type of design could therefore be 
suitable for direct recycling of effluent for potable water use. 
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Figure 5-26 Turbid ity influent and effluent concentration ofSAFs for synthetic municipal 
wastewater 
5.3.4 Ammonia removal efficiency of SAFs for synthetic municipal 
wastewater 
After the 29th June 2006 as previously noted it was decided that the biofi lm was mature, 
the ammonia in the effluent of the two reactors gradually became stable. The 
experimental results of the ammonia concentration in the feed and effluent for the 
duration of the experiments are shown in Figure 5-27 and Table 5-5. Although the 
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ammonia concentration of influent fluctuated signi fi cantly, the effluent quality in terms of 
ammonia !Tom two biofi lters was relatively constant and the reactors generall y exhi bited 
stable performance throughout the experiment peri od. The SD of effluent for the SAF 
with wool and Kaldnes was 1.20 and 1.39, respecti vely. The SD of the SAF with wool 
was lower than that of the SAF with Kaldnes. This is some evidence that the ammonia 
removal perfo rmance in the SAF with wool was better than that in the SAF with Kaldnes 
as with the other perfonnance parameters. But the di fference between the two bioreactors 
was indistinct. The average va lues and SD of Figure 5-27 summari sed in Table 5-5. 
revealed that up to 98.7 1 % an1monia removal of both SAFs was maintained at ambient 
temperature ranged 12.5-1 9 Dc. This corresponds to a removal rate of35.88 glm3 d better 
as 36.35 glm3 d ammonia loading for both SAFs. The effluent ammonia was below 
international standards and reached the requi rement of EU regulation for receivi ng waters 
and typicall y less than 0.5 mglL demonstrating good nitrification. The best ammonia 
removal efficiency was up to 99.89% and 99.85% in the reactors with wool and Kaldnes, 
respecti vely. The average removal effi ciency was 99.07% and 98.7 1 % in reactors with 
wool and Kaldnes, respecti vely. The reason for the difference may be the fact the dirty-
bed tracer results was that the short circuiting index was higher in the SA F with Kaldnes 
than the SAF wi th wool. In addition, the mean retention time of the SAF with wool was 
longer than that of the SAF with Kaldnes. The longer HRT could result in more uni fonn 
diffusion of pollutant between the bulk solution and biofilm . 
The high ammonia removal perfonnance could be predicted due to the high HRT, SRT of 
SAFs, the wann temperatures 12-1 9 °C and the modest load 0.036 kgNHJN/m3 d. In other 
researches with SAFs al so got more than 90% ammonia removal effi ciency (Smi th et al., 
1990; Meaney et al., 1994; Robinson et al., 1994; Chui et al. , 200 I ) . 
The peak in ammonia effluent concentration !Tom both SAFs on 11 th July (day 42), 13 th 
July(day 44), and 3rd August (day 65) was due to s ludge removal. Ammonia may have 
been released from stagnant materi al as the sludge was disturbed. The ammonia removal 
was quickl y restored in a short time. No affect on TOC, SS and Turbid ity removal could 
be seen as a result of the sludge removal (Figure 5-24, Figure 5-25 and Figure 5-26). The 
effect of sludge removal may indicate the importance of the suspended biomass as well as 
the biomass fi xed on the carrier. Similar results achieved by Richter and Kruner in 1994. 
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The quick restore proved that the biofilm played more important role than the sludge in 
pollutant removal , rather than just remobilising anU110nia back into solution. 
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Figure 5-27 Ammonia influent and effluent concentration of SAFs for synthetic municipal 
wastewater 
5.3.5 Tempe.·ature affect on SAF performance 
SAFs are reported as less subject to variance of environmental temperature compared to 
activated sludge. In this stud y, there was no obvious effect of temperature on TOC, 
Turbidity and Ammonia removal (Figure 5-28 and Figure 5-29). This has been reported 
by some researches (Young et al., 1975; Rusten, 1984; Golla and Lin, 1992). However, 
between 15 and 20°C, some effect on the SS removal could be detected. At 14.8 - 15.9 QC, 
the average SS removal efficiency of the SAF with wool and Kaldnes was 96.61 % and 
86.78%, respectively. At 19.0-20.3 QC, the average SS removal efficiency of the SAF with 
wool and Kaldnes was slightly better at 97.5% and 93 .66%, respectively. This meant that 
the average SS removal of the SAF with wool and Kaldnes was increased by 0.9% and 
6.88% with a rise in temperature from 15 to 20 QC. The impact on the SAF with wool is 
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much less than that on the SAF with Kaldnes. This is likely to be just due to the better 
perfonnance of the SAF with woo l rather than a direct effect the temperature since 
previous work has indicated that anunonia removal is the most effected by temperature. 
The improve in solids removal needs better research but could be due to changes in 
viscosity and better mixing and better biomass growth. 
5.3.6 Sludge y ield of the SAFs 
The sludge yield was calculated with the Equation 5-1 : 
gSS cnd - gSS slart 
Y = -------'-'''--
gTOC ""no",d 
Equation 5-1 The equation of sludge yield 
Where g SS,!,,, is the total amount of SS present at the start of the experiment; g SS,nd 
represent the sum of SS present at the end of the experiment and SS that leave the reactor 
with the effluent and waste sludge. It was assumed that all SS from the influent were 
solubilized in the start stage and hence influent SS concentrations were not included in 
the calculation of the sludge yield. The tenn g TOC,etnovC(1 is the total amount of TOC 
removed in the same period. 
In thi s study, the sludge yield of the SAF with Kaldnes was 0.31 kgSS/kgTOC. This was 
near to the result achieved in the study by Broch-Due et al. (1997). Broch-Due et al. 
(1997) found the sludge yield of two consequent SAF reactors was 0.39 kgTSS /kgTCOD. 
But the SAF with wool produced sludge 0.17 kgTSS/kgTOC, almost half sludge yield by 
the SAF with Kaldnes. It confinned that wool can have better filter and adsorption ability 
to remove pollutants through the combination of hydrophobic and hydrophilic adsorption 
sites on wool fibre. The longer pollutant and biomass residence time in the SAF with 
wool made it possib le the acclimati zed bacteria and the improved biodegradation 
perfom1ance of the SAF, which resulted in the lower sludge production. 
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5.3.7 Summaries 
In the treatment of the synthetic municipal wastewater, the perfonnance of the SAF with 
wool was better than that of the SAF with Ka ldnes, especially for SS removal. The sludge 
yield of the SAF with wool was also lower than that of the SAF with Kaldnes. The SAF 
with wool had ideal fibre structure which acted as both a filter and a biosupport. The wool 
also had lower of short ci rcuiting, longer mean retention time, and hence more diffusion 
of pollutant between the bulk so lution and biofihn. The wool within the SAF 
demonstrated ageing and deterioration but it cont inued to perfonn at a better efficiency 
than the Kaldnes SAF. The wool degradation was so slow as not to affect the perfonnance 
of the SAF. Temperature changes had an impact on perfonnance as would be expected 
but surpri singly it mostly affected the removal of suspended solids. Previous literature has 
indicated autotrophic nitrifiers should be affected. There was also a deterioration in 
perfonnance as a result of sludge removal indicating the importance of the suspended 
biomass as well as the biomass fixt!d on the carrier. This needs further research so as to 
identify the cause. The loading rate during thi s steady state experiment was 0.1 I kg/m3 
TOC load per day eq ui valent to 0. 18 kgCOO/m3 d. This is typical of a tertiary treatment 
application of SAF where a typical value in the literature is to achieve complete oxidation 
of ammonia. 
5.4 OESTROGEN REMOVAL RESULTS 
5.4.1 HPLC-UV Analysis results 
The HPLC coupled with a UV detector was used for oestrogen analysis as described in 
section 4.5.1. Standards were analysed with each batch oflab-SAF samples. 
For the analysis of oestrogens spiked in methanol, the three oestrogens were well 
separated and measured by UV detector. The obtained limit of detection was I Ilg/L, 
which was defined as the concentration of analyses when the response was three times the 
noise. However, due to the ageing of this instrument, baseline drift and analyses retention 
time variation were often observed (Figure 5-30), which seriously affected the 
quantification. The same problems in samples as in the standards were observed . Besides, 
it was also found that there were quite a few interference peaks could not be separated 
from the analyses peaks (Figure 5-31). This bad separation was considered the result of 
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incomplete pre-treatment. The HPLC column alone was insufficient even at these 
concentrations (approximate 1000 times the proposed standard) and controlled laboratory 
conditions. Consequently, it was decided to use ELlSA rather than HPLC-UV for 
oestrogen analysis in the following study work. 
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Figure 5-3 1 Chromatogram of synthetic sewage spiked with oestrogens 
5.4.2 Oestrogen removal performance of the SAFs 
The ELISA method has been effectively used to measure the oestrogen levels in a 
previous study (Yang, 2007). 1n order to find out the reliability of oestrogens anal ys is in 
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the synthetic sewage and the removal perfom1ance of the SAFs, analysis was carried out 
on three-replicate synthetic sewage samples. The measured oestrogen concentrations and 
other pol lutants levels are given in Table 5-6. 
In tenns of the molecular weight of the oestrogens, they are all between 270-300 Daltons, 
(El: 270.36, E2: 272.37, EE2: 296.39) with varying degrees of solubility (Table 5-6) so 
when oestrogens in the synthetic sewage flow through the SAFs, they may cross the 
liquid film boundary to the biofilm and approach the surface of biofilm. The attached 
oestrogens are then biodegraded intracellularl y by the microorganisms in the film. 
As shown in the Table 5-6, the SAFs may be an effective system to biodegrade the 
oestrogens. The El , E2 and EE2 removal efficiency in the SAF with Kaldnes reached up 
to 77.08%, 69.71% and 77.24%, respectively. The El, E2 and EE2 removal efficiency in 
the SAF with wool reached up to 83 .54%, 88.71 % and 93.17%, respecti vely. The 
previous study carried out by Yang (2007) at Loughborough found the low-HRT pi lot 
trickling filter (0.1 kgBODs/mJ d for 84.3 1 % nitrification) with the secondary settlement 
only got average 51 %, 59% and 44% removal efficiency of El, E2 and EE2, respectively. 
The trickling filters in a full scale Midlands STW also only reached an average 56.9%, 
66.8% and 46.9% removal efficiency of El , E2 and EE2, respectively. The high 
oestrogen removal performance of SAFs was due to long HRT and SRT and the ability to 
remove ammonia by nitrifying bacteria. This has already been suggested by many 
researchers (Vader et al., 2000; Shi et 01., 2002; Svenson et 01. , 2003 ; Servos et 01. , 2005; 
Clara et al. , 2005; lohnson et al., 2005). The oestrogen removal in the SAF with wool 
was apparently higher than that in the SAF with Kaldnes. This was however onl y in 
accordance with the general organic removal. The reason may be that the hydraulic 
characteristics of the wool reactor was better (see section 5.1.4) and led to a longer 
retention time of pollutants in reactors, thus more microorganisms would accumulate for 
better removal behaviour. It is possible therefore that SAFs operated as tertiary treatment 
at a modest organic load could approach the standard needed to avoid biodiversity effects. 
It is also interesting that removals of EE2 were so good. Previous work has shown EE2 
was the least well removed. The nonpolar nature of the wool may actually be assisting in 
the retention of the synthetic oestrogen. 
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Table 5-6 The results of oestrogen and other pollutants removal experiment 
AVERAGE VALUE SD 
In fl uent 224.29 5.67 
TOe (mglL) wool 7.37 1.1 7 
effluent 
Ka ldnes 12.72 2.8 1 
Influent 7.9 1 0 .22 
pH wool 8. 13 0.0 1 
effluent 
Kaldnes 8.02 0.03 
lnfluent 165.00 14.73 
SS (mglL) wool 0.67 1.15 
effluent 
Kaldnes 25.67 16.86 
Influent 22.23 2.74 
Turbidity (NTU) woo l 0.85 0.36 
effluent 
Kaldnes 1.1 8 0.36 
influent 39.87 7.62 
N H4-N (mglL) wool 0.12 0.04 
effluent 
Kaldnes 2.24 0.69 
Infl uent 18.10 0.17 
Temperature("C) wool 19.20 0.03 
effluent 
Kaldnes 19.47 0.06 
Infl uent 15.49 2. 13 
El concentration 
wool 2.55 0. 19 (llglL) effluent 
Kaldnes 3.55 0.51 
influent 5.58 1.39 
E2 concentration 
wool 0.63 0.09 (llglL) effluent 
Kaldnes 1.69 0.5 1 
Influent 
EE2 
6.59 1.64 
concentration wool 0.45 0. 15 
(llglL) effl uent 
Kaldnes 1.50 0.58 
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5.4.3 Summaries 
HPLC-UV could not be used to quantify oestrogen concentrations due to incomplete pre-
treatment and the ageing of the instrument. The ELlSA method with more samples pre-
treatmen t quantified the oestrogen removal efficiency ofSAFs. Long HRT and SRT made 
the SAFs had better perfonnance than trickling fi lters or AS. More work is necessary to 
confirm the perfonnance of woo l and other nonpolar adsorbents. 
5.5 SHORT-TERM SHOCK LOAD 
The results from a transient hydraulic shock of reduci ng the HRT by ha lf to an HRT of 1I 
hrs for 12 hrs are presented. This was followed by a return to the steady state. The 
measurement of effluent concentTation began on the end of the transient load. The results 
are shown in Figure 5-32- -Figure 5-35 for TOC, SS, Turbidity and anunonia. 
5.5.1 TOe .·emoval efficiency of SAFs fo r short-term shock load 
The results (Figure 5-32) showed, during the course of the half HRT shock study, the 
systems was found to adapt itself to the new higher feed concentration within 2 days. The 
TOC of the effl uent from two bioreactors increased immediately to more than 10 mg/L. 
Two days later, the reactors had stabi li sed to this perturbation, and had returned to nonnal 
operation within 72 hrs after the cessation of the shock which lasted half a day (Figure 
5-32). During recovery, the maximum rate of TOC degradation efficiency was 95.63% 
and 95.72%, respectively for the SAP with wool and Kaldnes, which was around the same 
average as the earlier steady state study. The rapid recovery of SAFs fo llowing the 
hydraul ic shock loads may be part ly attributed to an adapted and active biomass that 
efficiently degraded the substrate throughout the experiment. 
The stability of SAFs to shocks compared to other processes was also noted by Lyssenko 
et al. (2006). In the experiments carried out by Lyssenko et al. (2006) the shock was 
short-tenn (30 min) shock for six 5.23 L biofi lters (three trickling filters and three SAFs) 
filled with the media with a specific surface area of 498.7 m2fm3 to study impact of total 
ammonia removal. SAFs were slightly more efficient at anunonia removal than trickling 
filters. They believed SAPs are less sensitive to certain disturbances since some mixing 
and di lution of incoming wastewater may take place inside SAFs and the biofilm of SAF 
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protects the embedded bactelia from potentially hannful environmental conditions. Once 
favourable environmental conditions are resumed, the bacteria then regain their previous 
levels of degradation. 
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Figure 5-32 TOC influent and effluent concentration of SAFs for shOlt-term shock load 
The reason for the deterioration in perfom1ance during the hydraulic shock was likely to 
be due to channelling as a result of increased hydraulic pressW"e which resulted in lesser 
contact between the biomass and the substrate. This phenomenon was also observed by 
Grobicki and Stuckey (199 1) with short HRTs. Nachaiyasit and Stuckey (1997b) in later 
work noted decreasing the HRT from 20 hrs to 10 hrs increased the dead space to 39%, 
and at short HRTs, charUlelling must have been occurring in the bed, otherwise more 
biomass would have been washed from the reactor, and the bed properties enabled it to 
withstand hydraulic shocks well. This suggests lower removal performance of the system 
at high hydraulic loadings as that occurred in the SAFs was due to the occun·ence of dead 
zone and Sh0l1 circuiting. Although biomass washed out could also be a problem, thi s 
could explain the decreases in removal during this transient hydraulic shock. Substrate 
was simply washed through without being metabolised, probably because of channelling 
occuning in the biomass bed, or too short a contact time between the microorganisms and 
the substrate, or a combination of both. 
146 
Chapter 5: Results and Discussions 
The TOe effluent concentration and the recovery time of the SAF with Kaldnes was 
slightly higher than that of the SAF with wool. This is consistent wi th the data presented 
previously for the SAF with Kaldnes whose media with a smooth surface was li kely 
attributed to both biomass washout and short circuiting (see later section 5.5.2 and 5.5.3). 
5.5.2 SS removal efficiency of SAFs for short-term shock load 
SS effluent concentration changed sli ghtl y with the decrease of HRT (Figure 5-33). The 
effluent SS from the SAFs with woo l and Kaldnes increased to 12 mglL and 20 mg/L, 
respectively. Two days later, the reactors were stable after thi s 12-hr perturbation, and 
returned to normal operation within 72 hrs after the cessation of the shock. During 
recovery, the maximum of SS removal efficiency was 100% and 98.67%, respectively for 
the SAF with wool and Kaldnes, which was better than the average before 96.80% and 
88.04% respectivel y. The results indicated that the flushing temporaril y at least increased 
the number of solids adsorption sites. 
The SS effiuent concentration and the recovery time of the SAF with Kaldnes were 
slightl y higher than those of the SAF with wool as wo uld be expected from the slightly 
lower removal performance at high hydraulic retention time in the SAF with Kaldnes 
described previously. 
Borja and Banks (1994) suggested increased effluent suspended so lids was due to the 
hydraulic shear, which may lead to biofilm detachment and an enhanced release of 
intennediates such as formate. After influent flow rates were returned to normal , all 
measured parameters returned to their original va lues. 
Nachaiyasit and Stuckey (1997b) emphasized that at short HRTs, chalmelling must have 
been occurring in the bed, otherwise more biomass would have been washed from the 
reactor. In order to minimise the pressure drop through the bed, channelling occurred 
which resulted in minimal contact between the biomass and the substrate. Substrate was 
simply washed through without being metaboli sed, probably because of channelling 
occurring in the biomass bed, or too short a contact time between the microorganisms and 
the substrate, or a combination of both. This phenomenon was also observed by Grobicki 
and Stuckey (1991) with short HRTs. This suggests lower SS removal perfOtmance of the 
system at high hydraulic loadings was due to the hydraulic shear flushing out solids 
whereas the red ucti on in TOe removal was due to the reduced mass transfer time. 
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Figure 5-33 SS influent and effluent concentration of SAFs fo r short-tem1 shock load 
5.5.3 Turbidity removal efficiency of SAFs for short-term shock load 
Turbidity also increased slightly with the decrease of HRT (Figure 5-34). The Turbidi ty 
of the effluent from the SAF with wool and Kaldnes increased to 1.23 NTU and 3. 18 
NTU , respectively from 0.98 TU and 2. 13 NTU. Two days later, the reactors were 
stable to thi s perturbation, and retumed to nom1al operation within 72 hrs after the 
cessation of the shock. The Turbidi ty effluent concentration and as with the previous 
parameters the recovery time of the SAF with Kaldnes were slightly higher than those of 
the SAF with wool. The turbidity increase during the short-term shock load was also 
attributed to flushing of fine so lids fi·om the reactor. Turbidity is a measure of fine 
co lloidal solids and supports the suggestion that contact times are too short for the 
adsorption of these fine « 1 0 Ilm) solids. 
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Figure 5-34 Turbidity influent and effluent concentration of SAFs for short- term shock 
load 
5.5.4 Ammonia removal efficiency of SAFs fo r short-term shock load 
The largest observed effect from the hydraulic shock was on ammonia. After the short-
tenn shock load, ammonia effluent concentration from the two bioreactors rapidly 
increased (Figure 5-35). Ammonia effluent concentration from the SAF with wool and 
Kaldnes reached 17 mg/L and 25 mg/L, respecti vely. The ammonia concentration from 
the SAF with wool rapidly decreased on the first day and was restored to pre-shock 
operati on perfonnance by the th ird day. The recovery peri od of the SAF with Kaldnes 
was apparently one day longer than that of the SAF with wool, which showed that the 
SAF with wool in common with the other data had a better capacity to overcome 
hydraul ic shock load than the SAF with Kaldnes. Prior to the shock the average ammonia 
removal of the SAF with wool and Kaldnes was 99.07% and 98.7 1 %. During the shock 
thi s reduced to 60.6 1 % and 42.42%, and after the shock the max imum rate of ammonia 
removal efficiency was 99.8% and 99.69%, respectively for the SAF with wool and 
Kaldnes, which was higher than the average prior to the shock. The rapid recovery of 
SAFs following the hydraulic shock loads may be partly attributed to an adapted and 
acti ve nitrifiers that efficiently degraded the substrate throughout the experiment. It could 
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also have stimulated extra biomass growth caused by the increase in ammonia load i.e. an 
extra 0. 14 gram of anunonia was introd uced. 
[n thi s experiment, the ammonia degradation was apparentl y more sensiti ve than the other 
parameters. The TOe removal efficiency for example also a predominately so luble 
efficien cy measure of the SAF with wool and Kaldnes decreased to 91.16% and 87.83%, 
respectivel y from 94.26% and 93 .30%. However, the ammonia removal efficiency of the 
SAF with wool and Kaldnes decreased to 60.6 1 % and 42.42% from 99.07% and 98.7 1 %, 
respecti vely at the half HRT. The SS and Turbidity removal efficiency onl y had slightl y 
reduction. This showed nitrifi cation was more vulnerable to the change of the conditions. 
The reason may be attributed to the slow growth of nitrification bacteria. They are poor 
competitors for space and oxygen, and hence they are only found in the deep interior of 
biofi lms where competi tion is relati vely low or where oxygen concentration are high. 
Some studies have indicated that the heterotrophic microorganisms accommodated the 
lower parts of an uptlow SAF where most of organic conversion occun-ed. Nitrifiers were 
then ab le to occupy the upper parts where significant nitrification occurred because of the 
competition between the two types of microorganisms (Walmer and Gujer, 1985; Parker 
and Richards, 1986). This is very much the pattern in nutrient removing activated sludge 
where separate chambers are designed for TOe removal, nitrification, phosphorus 
enrichment and denitrification (Boon el aI. , 1998) . The decrease of HRT weakened the 
nitrifiers acti vity by increasing the competition from the heterotrophy which inhibited 
mass transfer or the slower growth rate of the nitrifiers and reduced their abil ity to 
respond as quickly as the heterotrophy, resulting in the significant increase of ammonia 
effluent concentration. In addition, lower removal perfonnance of the system at high 
hydraulic loadings as that occurred in the SAFs was due to the occurrence of dead zone 
and shOl1 circuiting (Grobicki and Stuckey, 199 1; Nachaiyasit and Stuckey, I 997b). 
Furthennore, under low HRTs, unattached biomass including nitrifiers could be washed 
out. Overall , during this transient hydraulic shock, ammonia and other substrates were 
simply washed through without being metabolised, probably also partl y because of 
exaggeration of channelling occurring in the biomass bed, or too short a contact time 
between the microorganisms and the substrate, or a combination of both. 
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load 
5.5.5 Summaries 
In the study for transient hydraulic shock loads, therefore all the parameters in the effluent 
TOe, ss, Turb idity and ammonia were affected. That was due to the shorter retention 
time and biomass wash out caused by the reduction in HRT. The ammonia degradation 
was apparently more sensitive than the other parameters. The reason may be attributed to 
the slow growth of nitrification bacteria who are poor competi tors for space and substrate. 
The nitrifiers were less able to respond rapidly to the increase of ammonia concentration 
and substrate. 
The two SAFs retumed rapidly to nonnal operation and were stable within 72 hrs after the 
cessation of the shock. The SAF with wool had better capacity to overcome hydraulic 
shock than the SAF with Kaldnes. This indicates mass transfer and biomass growth were 
more impOltant than biomass loss through washout. The rapid recovery suggested the 
SAFs had less sensitive to certain disturbances than trickling filters and AS since some 
mixing and dilution of incoming wastewater may take place inside SAFs and the biofi lm 
of SAF protects the embedded bacteria from potentially halmfu l environmental 
conditions. 
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From those data, it is clear that the SAF recovers rapidly to hydraulic shocks and can 
operate efficiently at high loading rates. The normal hydraulic shock load would be stonn 
water i.e. sewage works are nonnally designed to cope with 3 times OWF (Design 
Wastewater Flow based on 150% of the estimated wastewater flow) and still achieve the 
effluent standards needed. The shock load tested here was both an organic and hydraulic 
shock load and the results show that it is mass transfer which is most affected thus the 
response to ammonia may be better with dilution. This needs to be tested in further work. 
5.6 LONGER-TERM ORGANIC SHOCK LOAD 
Outing the longer-tenn organic shock load, the feed ORL was doubled and lasted 40 
days. The pH value of influent and effluent maintained between 7 and 8, shown in Table 
5-7, which shows the biomass was not critically stressed by the organic shock. The 
influent concentrations were allowed to vary to simulate real condition although the 
standard deviation (SO) was limited (± 14 mglL) . 
5.6.1 TOe removal efficiency of SAFs for longer-term shock load 
During the longer-tetm shock organic load, the effluent TOe concentration was increased 
but had readjusted itself after 4 days (Figure 5-36). Even with this doubling of the load, 
the reactor was stab le and responded rapidl y to the shock. It was interesting to note that in 
this case the SAFs reached a new steady state quite rapidly, and the time required was 
approximately four HRT. This time was sufficient to allow for increased microbial 
growth to respond to the shock load. After thi s period the reactors had returned to stable 
perfonnance. The OLR was 0.22 kgTOe/m3 d which was double times previous OLR in 
the steady state operation. The average TOe removal efficiency was more than 95.25% 
(Table 5-7), even higher than that for the previous lower organic load (94.26% and 
93.30% in reactors with wool and Kaldnes, respectively). Removal was even greater 
indicating the process was not full y loaded. In this case the TOe effluent concentration 
and the recovery time of the SAF with Kaldnes were slightly better thall those of the SAF 
with wool. This is the reverse of the behaviour with the short hyd raulic shock. The stable 
operation had continued to the end of shock load (39 days). The difference of the effluent 
between the two SAFs is slight. These results showed that the SAF was stable to organic 
shock loads and maintained the similar TOe removal efficiency when the load was 
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T able 5-7 The influent and effluent average value and SD for longer-term shock load 
AVERAGE VALUE SD fo r 
( IS') SD steady 
operation 
Influent 202.39 28.32 19.50 
TOC (mglL) wool 9.55 1.1 9 1.48 
effluent 
Kaldnes 9.61 1.27 2.52 
Influent 7.65 0.23 0.33 
pH wool 7. 54 0.48 0.82 
effluent 
Kaldnes 7.51 0.44 0. 19 
Influent 3 12.86 39.38 32.03 
SS (mglL) wool 13.00 9. 11 3.66 
effluent 
Kaldnes 64.00 50.32 14.1 1 
Influent 4 1.86 19.24 17.00 
Turbidity (NTU) wool 5.99 9.49 0.57 
effluent 
Kaldnes 7.79 6.00 1.52 
Influent 67.97 12.61 8. 10 
NH4-N (mglL) wool 13 .17 18.57 1.20 
effluent 
Kaldnes 18.45 17.55 1.39 
Influent 11 .29 2.3 1 1.96 
Temperature eC) wool 15.44 2.79 1.92 
effluent 
Kaldnes 15.39 2.87 1.96 
a means the total number of data 
doubled. Nachaiyasit and Stuckey in 1997 also report on the effects of the doubled feed 
concentration but to an anaerobic baffled reactor wi th 8 glL COD for 20 days at an HRT 
of 20 hrs and found the reactor was also able to adapt to double organic shock loads and 
maintain the same removal efficiency. Masse and Masse (2005) also believed the 
particulate organic shock loads (OLR was from 2.60 TCODglLlday to 3.92 
TCODglLlday and 6.25 TCODglLlday) of four SBRs had little and temporary effects on 
SCOD and VF A concentrations. These studies accorded with the results in thi s study. 
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Nachaiyasit (1995, cited from Nachaiyasit and Stuckey, 1997b) believed that during 
hydraulic shocks the rate of mass transfer of substrate into the biomass aggregates 
appeared to be the limiting factor. In contrast, during organic shocks the major factor 
limiting the overall reaction rate appeared to be the kinetics of the uptake and 
consumption by the biomass. Shock loads can provide insights into the reactor responses 
and interactions under a variety of environmental conditions. This work is the first on 
shocks to SAF and indicate the rate limiting factors for a model. The stability of SAFs 
showed the biofilm in the SAFs played an important role in resisting the organic shock 
load. Higher removal perfomlance at high organic loadings as occurred in thi s study than 
Masse and Masse (2005) and Nachaiyasit (1995, cited from Nachaiyasit and Stuckey, 
1997b) was likely attributed to higher biomass concentrations and better mixing. The 
attached biomass in SAFs could respond more quickly and mass transfer between 
biomass and substrate had little limitation, thus perfonnance was unaffected. 
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Figure 5-36 TOe influent and effluent concentration ofSAFs for longer-term shock load 
5.6.2 SS removal efficiency of SAFs for longel"-term shock load 
The good filter capacity of the wool fibre was reflected in the results from the organic 
shock load (Figure 5-37). The SS effluent concentration from the wool SAF was very low 
and relati vely stable. In contrast, the SS effluent concentration from the SAF with 
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Kaldnes fluctuated significantly (Figure 5-37), sometimes up to more than 100 mglL. 
This was particularly pronounced at the beginning of the experiments (days 1-14) during 
commissioning but also towards the end of the report period (days 32 & 39) under 
influence of the shock loads. The higher SO effluent value in the organic shock load (9.1 1 
and 50.32 respectivel y for the SAF with wool and Kaldnes) than that in the nonnal ORL 
(3.66 and 14.11 respectively for the SAF with wool and Kaldnes) also showed the stable 
state was easi ly destroyed. 
The increase of SS effluent concentration was the result of the long organic shocks 
although it is uncertain as to whether thi s is due to extra biomass and washout or 
ulUnetabolised solids from the substrate. It seems most likely that under high SS load, 
some influent SS could not be biodegraded in time in the SAF with Kaldnes. The earlier 
results indicated hydrodynamic turbulence was a factor. TOe was unaffected but so lids 
lost from the SAF wi th Kaldnes were increased, so so luble material s were removed but 
the biomass was unable to cope with the extra organic solids even though the hydrauli c 
flow was unaffected. Therefore, despite the stab le TOe results, varied SS effluent 
concentration may reveal that the SAF with Kaldnes was not trul y at steady state. A 
survey of full-p lants in India (Pophali et al. 2003) confirmed the SS removal perfonnance 
could be affected even with 10% increased fl ow rate. 
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The SAF with wool had stable SS effluent. The results also indicate that the kinetics of 
biomass and hydrodynamic turbul ence did not become the limiting conditions in the SAF 
packed with woo l. [n our studies hydrauli c shocks were less detrimental than organic 
loads thi s it is suggested is as a consequence of the well mixed conditions in the reactor. 
5.6.3 Turbidity removal efficiency of SAFs for longer-term shock load 
Coincidently, the turbid ity of the effluents concentration fiom both SAFs had simil ar 
pattems of losses to the SS effluent (Figure 5-38). In the effluent from the SAF with 
Kaldnes, the turbidity fluctuated was regularl y above 10 NTU. The effluent turbidity from 
the SAF with wool was relati vely stable and were mostl y below 3 NTU, similar to the 
perfonn311ce of the steady state experiment, until the temperature decreased at the latter 
period of the experiment. The higher SD effluent value in the organic shock load (9.49 
and 6.00 respecti vely for the SAF with wool and Kaldnes) compared to that in the nOlm al 
steady state ORL (0.57 and 1.52 respectively fo r the SAF with wool and Ka ldnes) also 
showed the stable state was easily destroyed. 
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The changes in turbidity indicate the response in unsettleable « 50 IJm (Pophali et al. 
2003)) compared to suspended solids (total > I IJm particles). This corroborated the 
theory that suspended matter released during long organic shock load was due to 
unmetabolised feed solids rather than fugiti ve biomass which would be expected to be 
larger. The turbidity was lower from the SAF with wool suggesting a better filter action 
and retention. 
5.6.4 Ammonia removal efficiency of SAFs for longer-term shock load 
The ammonia effluent concentration from the SAFs increased and reached their highest 
value after 4 days. TIlen ammonia effluent concentration was restored to the pre-shock 
condition on the 7th day. This stability was broken when the temperature decreased below 
12 QC around day 18th ovember (Figure 5-39) when the weather turned cold due to 
season changed and the reactors were in an unheated pilot plant room (Appendix N). The 
effect of temperature on the slow growing nitri fy biomass has well been reported the 
reaction is roughly halved for every 10 QC drop in temperature (Grad y and Lim, 1980). 
Nitrifies are more vulnerable as autotrophic slow growers. 
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Thus the ammonia removal in the SAF with wool followed the dynamic pattern for the 
so luble ammonia in the feed. The 10ng-ten11 shock load caused a disturbance in ammonia 
removal and insufficient biomass had grown to compensate. 
The ammonia effluent concentration from the SAF with Kaldnes fluctuated more than the 
wool reactor during most of the shock load. It was not as stable as the SAF with wool but 
difficult for the either SAF to tolerate twice the ammonia shock load during the 39 days 
of the tlia!. The growth rate of nitrifies is thought to be around 10 days. Much previous 
work has indicated that the slower growth rate of the nitri fying bacteria makes their 
vulnerable to competition fro m the heterotrophic population (see section 3.1.1). 
5.6_5 Summa.-ies 
During the longer-tenn shock organic load, the TOe effluent concentration was effected 
about four days after which it was able to readjust. After the reactors returned to stability, 
the average TOe removal efficiency was more than 95.25%, and the stable operation had 
continued to the end of shock load (36 days) . The stability of SAFs showed the biofilm 
and mixing conditions in the SAFs played an important role in resisting the organic shock 
load. Previous work has also found better resi stance from biofilm compared to bioflocs. 
The attached biomass in SAFs could response quickly and the TOe mass h·ansfer 
between biomass and substrate was not limiting. However, the SS and Turbidity effluent 
concentrations from the SAF with Kaldnes fluctuated significantl y. Thus despite the 
stable Toe results, varied SS and Turbidity effluent concentrations revealed that the SAF 
with Kaldnes was not as stable as the implied from the TOe data. In add ition, the 
ammonia removal efficiency of both SAFs showed that a maximum load in respect of 
nutrient removal at least may have been reached. Especially for the SAF with Kaldnes, it 
was difficult for the reactors to stand two times the ammonia shock load. 
While both organic shocks at constant HRT and hydraulic shocks at constant organic feed 
can result in the same OLR, their influence on reactor perforn1ance and intennediate 
behaviour was therefore different. Increased organic feed (at constant HRT) increases 
mass transfer into the biological flocs. In contrast, reducing HRTs (at constant organic 
feed) increases mixing through hydraulic shear, but the mass h·ansfer driving force of 
substrate into the flocs could remains the same. It may be concluded from those data that, 
with a doubling of the organic load, the reactor responded rapidly to the shock but was 
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not stable. The long-tenn organic shock load caused a greater di sturbance until sufficient 
biomass had grown to compensate. The suggestion is that mass transfer is less impoltan t 
than b'Towth kinetics. 
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CHAPTER 
6 
CONCLUSIONS AND RECOMMENDATIONS 
6.1 CONCLUSIONS 
6.1 .1 T he hydl'odyn a m ics of th e I'eacto r s 
Wi thout aeration, the wool SAF reactor had low short circuiting, high vo lume of dead zone 
and apparent plug flow characteristi cs. With the change of aeration condition, the shol1 
circuiting was increased and dead zone of reactor was reduced by the aeration. This 
showed that air fl ow through the fi lter media may cause channel type preferential fl ow and 
back mixing effectively reduced the dead zone. There was a decrease in the liquid 
residence time and more mixed fl ow within the reactors. 
Tracer experiments were studied for different types of wool media, the SAF with Kaldnes 
was always the largest effective volume, the lowest short circui ting and highest dead zone. 
The lowest dead space appeared in the SAF with woolcrosscs, which showed the most extent 
of mixing pattern . The SAF with Kaldnes had slightly more plug fl ow properti es than 
others. The woolwd and woolcrosses even can not be well distributed in the reactors. The type 
of media was able to affect the effective vo lume and hydrodynamic behaviour of reactors. 
[n clean,bed condi tion, the both SAFs with Kaldnes and wool showed well mixed fl ow 
characteristics. After the biomass appeared, the SAF with Kaldnes had a lower dead space. 
The SAF with partially-col lapsed (degraded) wool had lower short circuiting, and more 
plug fl ow properties. The hydrodynamic pattern of SAFs is close to complete mixing flow. 
The results showed biofi lm does not cause major short circuiting. The collapsed wool was 
more dispersed and scattered in the bioreactor than non-co llapse wool and hence overcame 
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some of the effect of air bubbles causing channell ing and backmixing. The status of the 
wool could also significantly affect the hydrodynamics of reactors. 
6.1.2 Microorganisms and collapse of the SAF with wool 
The biomass in the SAFs wool showed similar ecological characteristics with other 
biological wastewater treatment processes. Biofilm bacteria and protozoa attached to the 
wool demonstrating that wool media was a good CatTier. Nematodes were present which 
was taken as confinnation that the sludge age was> 10 days. Biomass coverage of the 
wool fi bre was not uniform and the performance of the SAF with wool may be even better 
if the duration of the experiment was longer depending on degradation and collapse of 
wool. 
Wool in tap water did not degrade during the observation period (90 days), but the wool 
with biomass started collapsing and degrading even within 1-2 week. After 10 weeks, the 
wool was heavily damaged and the core cortex fibres had exposed and split open. 
Replacement of the wool would be necessary but the degradation did not interfere with 
effluent quality. 
6.1.3 The performance of SAF with wool for synthetic municipal wastewater 
The long-term steady state perfonnance of the SAF with wool was better than that of the 
SAF with Kaldnes to treat synthetic municipal wastewater. The sludge yield of the SAF 
with wool was also lower than that of the SAF with Kaldnes. The reason is that the wool 
fibre acted as a fi lter media. In addition, by having lesser short circuiting, there was a 
longer mean retention time, and hence more diffusion of pollutants into the biofilm . The 
SAF with wool consistently showed higher removal efficiency. The loading rates used 
were typical ofthose using SAF for tertiary treatment. 
6.1.4 The oestrogen removal performance of the SAF with wool 
Oestrogen removal (as a model recalcitrant) showed ideal removal efficiency in the SAF 
with wool. This was thought to be due to the long HRT and SRT. In addition, the 
adsorption characteristics of wool could lead to a better adsorption of hydrophobic 
pollutants in well mixed reactors, thus more microorganisms could accumulate for better 
removal behaviour. 
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6.1.5 The effect of shock loads on SAF with wool 
At the beginning of shock loads, the effluent concentration of TOC, SS, Turbidity and 
ammol11a increased rapidly. Both wool and Kaldnes SAF quickly retumed to nonnal 
operation 72 hrs after the hydraulic shock and was then stable. The wool reactor had 
slightly more resistance than the Kaldnes as wou ld be anti cipated for all the data. The rapid 
recovery suggested the reactor had less sensitive to certain di sturbances since some mixing 
and di lution of incoming wastewater may take place inside SAF and the biotilm of SAF 
protects the embedded bactelia from potentially hannful environmental conditions. The 
effl uent quality of the SAFs did deteriorate in response to a longer-tenn organic shock load. 
The slow growing nitrifying bacteria were the most effected. 
The study indicates that the wool al so had good fi lter ability, biomass kinetics and 
hydrodynamic turbulent mass transfer avoiding nutrient limitation. Therefore, the SAF 
process is stable to short-tenn hydrau lic shock and can efficiently resist longer-term 
organic shock load. It is a design that appears to have considerable advantages compared to 
other treatment systems. 
6.2 RECOMMENDATIONS FOR FUTURE WORK 
Since the woolc",sscs and woolrcd could not be distinguished in the reactors, it is not clear 
that the hydrodynamics even with the strongly ionic tracer were effected. Other types of 
coatings or pre-treated or additional carriers could be easi ly tried and compared with this 
stud y. 
2 Although the tracer study is based on a mature theory, new teciUlologies have been 
developed with the greater use of computational fluid dynamics (CFD), It should be 
possible to undertake more complex flow analysis in bioreactors in which the air flow 
dominates. CFD is therefore recommended to further analysis the flow pattem of SAF. 
3 The wastewater treatment perfonnance of SAF reported was at a high HRT of 22 hrs. 
But in main treatment (secondary operation), the SAF usually would have a lower HRT 
and higher OLR. III further work, the HRT of SAF should be reduced and OLR increased. 
The reactors demonstrate some resistance to shock loads but more work is necessary. 
Different HRT and OLR should be compared to find the optimum operation conditions of 
SAF. 
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4 The wool was degraded and collapsed due to the biomass activity. Some chemical 
pretreatment of wool may be tested to see if it is necessary to preserve the wool in practical 
operation. There was no obvious deterioration in effluent quality at these loads but analysis 
of whether the residual carbon is different to nonnal wastewater effluents would be an 
interesting project. 
5 Oestrogen analysis with HPLC failed. The reality fro m the ELlSA analysis showed 
promise although it still needs time-consuming pretreatment. Further work on the 
perfonnance of hydrophobic adsorbents for pham1aceutical / household products is 
recommended. 
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APPENDIX 
A. Dispersion number at various degrees of dispersion* 
Degree of Dispersion Typical Value ofNd 
Ideal Plug flow 0 
Small amount of dispersion 0.000 - 0.002 
Intermediate amount of dispersion 0.002 - 0.025 
Large amount of dispersion 0.025 -0.200 
Ideal mixed-flow Approaches infinity 
*(Tembhurkar and Mhalsalkar, 2006) 
B. Tracer experiment 1 
Conce- E(t)= mean F(t) Time residence 
(min) ntration C(t)*&t C(t)*u/m E(t)*&t time F(t)*C or E(a) a (mg/L) (min") (min) F(a) 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 
40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 
50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 
60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 
70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 
80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 
90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 
115 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 
145 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 
175 0.10 2.85 0.00 0.00 0.19 0.10 0.00 0.07 0.09 
205 0.16 4.75 0.00 0.00 0.37 0.25 0.00 0.12 0.11 
235 0.21 6.34 0.00 0.00 0.56 0.46 0.01 0.16 0.12 
265 0.32 9.51 0.00 0.00 0.95 0.78 0.01 0.23 0.14 
295 0.41 12.36 0.00 0.00 1.38 1.19 0.02 0.30 0.15 
325 0.48 14.26 0.00 0.01 1.76 1.67 0.03 0.35 0.17 
355 0.53 15.85 0.00 0.01 2.13 2.20 0.04 0.39 0.18 
385 0.61 18.38 0.00 0.01 2.68 2.81 0.05 0.45 0.20 
415 0.69 20.60 0.00 . 0.01 3.24 3.50 0.06 0.51 0.21 
445 0.75 22.50 0.00 0.01 3.79 4.25 0.07 0.55 0.23 
475 0.81 24.40 0.00 0.01 4.39 5.06 0.08 0.60 0.24 
505 0.91 27.25 0.00 0.01 5.21 5.97 0.10 0.67 0.26 
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535 0.94 28.20 0.00 0.01 5.72 6.91 0.11 0.69 0.27 
565 1.01 30.42 0.00 0.01 6.51 7.92 0.13 0.75 0.29 
595 1.07 32.01 0.00 0.01 7.21 8.99 0.15 0.79 0.30 
625 1.11 33.27 0.00 0.01 7.88 10.10 0.17 0.82 0.32 
655 1.16 34.86 0.00 0.01 8.65 11.26 0.19 0.86 0.34 
685 1.23 36.76 0.00 0.01 9.54 12.49 0.21 0.91 0.35 
715 1.28 38.35 0.00 0.01 10.39 13.76 0.23 0.94 0.37 
745 1.28 38.35 0.00 0.01 10.82 15.04 0.25 0.94 0.38 
775 1.36 40.88 0.00 0.02 12.00 16.40 0.27 1.01 0.40 
805 1.38 41.51 0.00 0.02 12.66 17.79 0.29 1.02 0.41 
835 1.35 40.56 0.00 0.02 12.83 19.14 0.32 1.00 0.43 
865 1.37 41.20 0.00 0.02 13.50 20.51 0.34 1.01 0.44 
895 1.38 41.51 0.00 0.02 14.07 21.90 0.36 1.02 0.46 
925 1.37 41.20 0.00 0.02 14.43 23.27 0.38 1.01 0.47 
955 1.35 40.56 0.00 0.02 14.67 24.62 0.41 1.00 0.49 
985 1.32 39.61 0.00 0.02 14.78 25.94 0.43 0.98 0.50 
1015 1.33 39.93 0.00 0.02 15.35 27.27 0.45 0.98 0.52 
1045 1.27 38.03 0.00 0.01 15.05 28.54 0.47 0.94 0.54 
1075 1.21 36.44 0.00 0.01 14.84 29.76 0.49 0.90 0.55 
1105 1.16 34.86 0.00 0.01 14.59 30.92 0.51 0.86 0.57 
1135 1.14 34.23 0.00 0.01 14.71 32.06 0.53 0.84 0.58 
1165 1.16 34.86 0.00 0.01 15.38 33.22 0.55 0.86 0.60 
1195 1.13 33.91 0.00 0.01 15.35 34.35 0.57 0.84 0.61 
1225 1.11 33.27 0.00 0.01 15.44 35.46 0.58 0.82 0.63 
1255 1.09 32.64 0.00 0.01 15.52 36.55 0.60 0.80 0.64 
1285 1.06 31.69 0.00 0.01 15.42 37.61 0.62 0.78 0.66 
1315 1.04 31.06 0.00 0.01 15.47 38.64 0.64 0.77 0.67 
1345 1.00 30.11 0.00 0.01 15.34 39.64 0.65 0.74 0.69 
1375 0.95 28.52 0.00 0.01 14.85 40.60 0.67 0.70 0.70 
1405 0.91 27.25 0.00 0.01 14.50 41.50 0.68 0.67 0.72 
1435 0.90 26.94 0.00 0.01 14.64 42.40 0.70 0.66 0.74 
1465 0.88 26.30 0.00 0.01 14.60 43.28 0.71 0.65 0.75 
1495 0.85 46.48 0.00 0.02 26.32 44.12 0.73 0.62 0.77 
1575 0.83 50.07 0.00 0.02 29.87 I· 44.96 0.74 0.62 0.81 
1615 0.79 39.61 0.00 0.02 24.23 45.75 0.75 0.59 0.83 
1675 0.78 46.90 0.00 0.02 29.76 46.53 0.77 0.58 0.86 
1735 0.77 46.27 0.00 0.02 30.41 47.30 0.78 0.57 0.89 
1795 0.75 45.00 0.00 0.02 30.60 48.05 0.79 0.55 0.92 
1855 0.73 43.73 0.00 0.02 30.73 48.78 0.80 0.54 0.95 
1915 0.71 42.46 0.00 0.02 30.80 49.49 0.81 0.52 0.98 
1975 0.66 39.86 0.00 0.02 29.82 50.15 0.83 0.49 1.01 
2035 0.66 39.86 0.00 0.02 30.73 50.82 0.84 0.49 1.04 
2095 0.65 39.24 0.00 0.01 31.14 51.47 0.85 0.48 1.07 
2155 0.64 38.62 0.00 0.01 31.52 52.12 0.86 0.48 1.10 
2215 0.62 37.37 0.00 0.01 31.35 52.74 0.87 0.46 1.14 
2275 0.62 37.37 0.00 0.01 32.20 53.36 0.88 0.46 1.17 
2335 0.61 150.66 0.00 0.06 133.26 53.97 0.89 0.45 1.20 
2767 0.55 165.05 0.00 0.06 172.99 54.52 0.90 0.41 1.42 
2935 0.50 60.79 0.00 0.02 67.58 55.02 0.91 0.37 1.50 
3011 0.48 28.65 0.00 0.01 32.68 55.50 0.91 0.35 1.54 
3055 0.47 25.69 0.00 0.01 29.73 55.97 0.92 0.35 1.57 
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3121 0.45 26.78 0.00 0.01 31.66 56.41 0.93 0.33 1.60 
3175 0.43 24.26 0.00 0.01 29.18 56.84 0.94 0.31 1.63 
3235 0.40 24.29 0.00 0.01 29.77 57.24 0.94 0.30 1.66 
3295 0.38 23.04 0.00 0.01 28.76 57.63 0.95 0.28 1.69 
3355 0.38 23.04 0.00 0.01 29.29 58.01 0.95 0.28 1.72 
3415 0.36 21.80 0.00 0.01 28.20 58.38 0.96 0.27 1.75 
3475 0.34 35.97 0.00 0.01 47.35 58.72 0.97 0.25 1.78 
3625 0.33 34.88 0.00 0.01 47.89 59.05 0.97 0.25 1.86 
3685 0.31 23.36 0.00 0.01 32.60 59.36 0.98 0.23 1.89 
3775 0.29 91.56 0.00 0.03 130.92 59.65 0.98 0.21 1.93 
4315 0.23 72.51 0.00 0.03 118.51 59.88 0.99 0.17 2.21 
4410 0.21 24.19 0.00 0.01 40.40 60.09 0.99 0.15 2.26 
4548 0.19 30.36 0.00 0.01 52.31 60.27 0.99 0.14 2.33 
4735 0.15 22.31 0.00 0.01 40.01 60.42 0.99 0.11 2.43 
4855 0.11 15.42 0.00 0.01 28.35 60.53 1.00 0.08 2.49 
5005 0.09 16.82 0.00 0.01 31.88 60.63 1.00 0.07 2.57 
5215 0.07 9.99 0.00 0.00 19.74 60.70 1.00 0.05 2.67 
5280 0.06 27.56 0.00 0.01 55.12 60.76 1.00 0.05 2.71 
C. Tracer experiment 2 
Conce- E(t)= mean F(t) Time residence 
(m in) ntration C(t)*&t C(t)*u/m E(t)*&t time F(t)*C or E(S) S (mg/L) (min") (min) F(S) 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 
40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 
50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 
60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 
70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 
80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 
90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 
120 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 
150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 
180 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 
210 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 
240 0.05 1.59 0.00 0.00 0.14 0.05 0.00 0.04 0.13 
270 0.08 2.54 0.00 0.00 0.26 0.14 0.00 0.06 0.15 
300 0.16 4.77 0.00 0.00 0.54 0.30 0.01 0.11 0.16 
330 0.21 6.36 0.00 0.00 0.80 0.51 0.01 0.15 0.18 
360 0.31 9.22 0.00 0.00 1.26 0.82 0.02 0.22 0.19 
390 0.45 13.36 0.00 0.01 1.97 1.26 0.02 0.31 0.21 
420 0.52 15.58 0.00 0.01 2.48 1.78 0.03 0.36 0.23 
450 0.61 18.45 0.00 0.Q1 3.14 2.40 0.04 0.43 0.24 
480 0.74 22.26 0.00 0.01 4.05 3.14 0.06 0.52 0.26 
23 
Appendix 
510 0.84 25.12 0.00 0.01 4.85 3.98 0.07 0.59 0.28 
540 0.92 27.67 0.00 0.01 5.66 4.90 0.09 0.65 0.29 
570 1.01 30.21 0.00 0.01 6.52 5.90 0.11 0.71 0.31 
600 1.10 33.07 0.00 0.01 7.52 7.01 0.13 0.77 0.32 
630 1.16 34.66 0.00 0.D1 8.27 8.16 0.15 0.81 0.34 
660 1.23 36.89 . 0.00 0.01 9.22 9.39 0.17 0.86 0.36 
690 1.33 39.75 0.00 0.02 10.39 10.72 0.20 0.93 0.37 
720 1.38 41.34 0.00 0.02 11.28 12.10 0.22 0.97 0.39 
750 1.54 46.11 0.00 0.02 13.10 13.63 0.25 1.08 0.41 
780 1.59 47.70 0.00 0.02 14.09 15.22 0.28 1 .11 0.42 
810 1.62 48.66 0.00 0.02 14.93 16.84 0.31 1.14 0.44 
840 1.59 47.70 0.00 0.02 15.18 18.43 0.34 1.11 0.45 
870 1.60 48.02 0.00 0.02 15.83 20.04 0.37 1.12 0.47 
900 1.53 45.80' 0.00 0.02 15.61 21.56 0.40 1.07 0.49 
930 1.45 43.57 0.00 0.02 15.35 23.01 0.42 1.02 0.50 
960 1.39 41.66 0.00 0.02 15.15 24.40 0.45 0.97 0.52 
990 1.36 40.71 0.00 0.02 15.27 25.76 0.47 0.95 0.53 
1020 1.30 39.12 0.00 0.01 15.11 27.06 0.50 0.91 0.55 
1050 1.23 36.89 0.00 0.01 14.67 28.29 0.52 0.86 0.57 
1080 1.17 34.98 0.00 0.01 14.31 29.46 0.54 0.82 0.58 
1110 1.13 34.03 0.00 0.01 14.31 30.59 0.56 0.80 0.60 
1140 1.10 33.07 0.00 0.01 14.28 31.70 0.58 0.77 0.62 
1170 1.06 31.80 0.00 0.01 14.09 32.76 0.60 0.74 0.63 
1200 1.04 31.17 0.00 0.01 14.17 33.80 0.62 0.73 0.65 
1230 1.04 31.17 0.00 0.01 14.52 34.83 0.64 0.73 0.66 
1260 1.01 30.21 0.00 0.01 14.42 35.84 0.66 0.71 0.68 
1290 0.98 29.26 0.00 0.01 14.30 36.82 0.68 0.68 0.70 
1320 0.95 28.62 0.00 0.01 14.31 37.77 0.70 0.67 0.71 
1350 0.90 27.03 0.00 0.01 13.82 38.67 0.71 0.63 0.73 
1380 0.86 25.76 0.00 0.01 13.47 39.53 0.73 0.60 0.75 
1410 0.78 23.53 0.00 0.01 12.57 40.31 0.74 0.55 0.76 
1440 0.73 21.94 0.00 0.01 11.97 41.05 0.76 0.51 0.78 
1470 0.71 21.31 0.00 0.01 11.86 41.76 0.77 0.50 0.79 
1500 0.68 30.53 0.00 0.01 17.35 42.43 0.78 0.48 0.81 
1560 0.69 41.34 0.00 0.02 24.43 43.12 0.79 0.48 0.84 
1620 0.65 38.80 0.00 0.01 23.81 43.77 0.81 0.45 0.88 
1680 0.64 38.16 0.00 0.01 24.29 44.41 0.82 0.45 0.91 
1740 0.66 39.43 0.00 0.01 25.99 45.06 0.83 0.46 0.94 
1800 0.61 36.89 0.00 0.01 25.15 45.68 0.84 0.43 0.97 
1860 0.58 34.98 0.00 0.01 24.65 46.26 0.85 0.41 1.01 
1920 0.56 33.63 0.00 0.01 24.46 46.82 0.86 0.39 1.04 
1980 0.56 33.63 0.00 0.01 25.22 47.38 0.87 0.39 1.07 
2040 0.52 31.14 0.00 0.01 24.06 47.90 0.88 0.36 1.10 
2100 0.51 30.52 0.00 0.01 24.28 48.41 0.89 0.36 1.13 
2160 0.49 29.27 0.00 0.01 23.95 48.90 0.90 0.34 1.17 
2220 0.48 28.65 0.00 0.01 24.09 49.38 0.91 0.33 1.20 
2280 0.46 27.40 0.00 0.01 23.67 49.83 0.92 0.32 1.23 
2340 0.45 98.20 0.00 0.04 87.04 50.28 0.93 0.31 1.26 
2720 0.39 1 )8.34 0.00 0.04 121.93 50.67 0.93 0.28 1.47 
2940 0.34 47.96 0.00 0.02 53.41 51.02 0.94 0.24 1.59 
3000 0.33 19.93 0.00 0.01 22.65 51.35 0.95 0.23 1.62 
24 
Appendix 
3060 0.32 19.31 0.00 0.01 22.38 51.67 0.95 0.23 1.65 
3120 0.30 22.58 0.00 0.01 26.68 51.97 0.96 0.21 1.69 
3210 0.31 40.64 0.00 0.02 49.41 52.28 0.96 0.22 1.73 
3381 0.27 33.47 0.00 0.01 42.86 52.55 0.97 0.19 1.83 
3458 0.26 19.07 0.00 0.01 24.98 52.81 0.97 0.18 1.87 
3528 0.27 23.21 0.00 0.01 31.02 53.08 0.98 0.19 1.91 
3630 0.24 19.34 0.00 0.01 26.59 53.32 0.98 0.17 1.96 
3690 0.24 16.71 0.00 0.01 23.36 53.56 0.99 0.17 1.99 
3770 0.22 69.76 0.00 0.03 99.62 53.78 0.99 0.15 2.04 
4330 0.17 66.69 0.00 0.03 109.37 53.94 0.99 0.12 2.34 
4573 0.12 33.76 0.00 0.01 58.48 54.07 1.00 0.09 2.47 
4872 0.10 32.80 0.00 0.01 60.54 54.17 1.00 0.07 2.63 
5205 0.08 16.94 0.00 0.Q1 33.40 54.25 1.00 0.06 2.81 
5280 0.06 27.87 0.00 0.01 55.74 54.32 1.00 0.04 2.85 
D. Tracer experiment 3 
Conce- E(t)= mean F(t) Time residence 
(m in) ntration C(t)*&t C(t)*u/m E(t)*&t time F(t)*C or E(6) 6 (mg/L) (min") (min) F(6) 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
20 0.13 0.63 0.00 0.00 0.00 0.13 0.00 0.06 0.01 
25 0.39 1.93 0.00 0.00 0.02 0.51 0.01 0.20 0.02 
30 0.61 4.61 0.00 0.00 0.05 1.13 0.01 0.32 0.02 
40 0.68 6.77 0.00 0.00 0.10 1.80 0.02 0.35 0.03 
50 0.78 7.81 0.00 0.00 0.15 2.58 0.03 0.41 0.04 
60 0.85 8.54 0.00 0.00 0.19 3.44 0.05 0.44 0.04 
70 1.02 10.21 0.00 0.00 0.27 4.46 0.06 0.53 0.05 
80 1.09 10.94 0.00 0.00 0.33 5.55 0.07 0.57 0.06 
90 1.22 18.28 0.00 0.01 0.62 6.77 0.09 0.63 0.07 
110 1.43 35.68 0.00 0.01 1.49 8.20 0.11 0.74 0.08 
140 1.51 45.31 0.00 0.02 2.40 9.71 0.13 0.78 0.10 
170 1.60 48.13 0.00 0.02 3.10 11.31 0.15 0.83 0.12 
200 1.65 49.38 0.00 0.02 3.74 12.96 0.17 0.86 0.15 
230 1.65 49.38 0.00 0.02 4.30 14.60 0.19 0.86 0.17 
260 1.65 49.38 0.00 0.02 4.86 16.25 0.22 0.86 0.19 
290 1.65 49.38 0.00 0.02 5.42 17.90 0.24 0.86 0.21 
320 1.60 48.13 0.00 0.02 5.83 19.50 0.26 0.83 0.23 
350 1.54 46.25 0.00 0.02 6.13 21.04 0.28 0.80 0.26 
380 1.57 47.19 0.00 0.02 6.79 22.61 0.30 0.82 0.28 
410 1.56 46.88 0.00 0.02 7.28 24.18 0.32 0.81 0.30 
440 1.51 45.31 0.00 0.02 7.55 25.69 0.34 0.78 0.32 
470 1.46 43.75 0.00 0.02 7.79 27.15 0.36 0.76 0.34 
500 1.46 43.75 0.00 0.02 8.29 28.60 0.38 0.76 0.36 
530 1.45 43.44 0.00 0.02 8.72 30.05 0.40 0.75 0.39 
560 1.44 43.13 0.00 0.02 9.15 31.49 0.42 0.75 0.41 
590 1.42 42.50 0.00 0.02 9.50 32.91 0.44 0.74 0.43 
25 
Appendix 
620 1.41 42.19 0.00 0.02 9.91 34.31 0.45 0.73 0.45 
650 1.30 39.06 0.00 0.01 9.62 35.61 0.47 0.68 0.47 
680 1.34 40.31 0.00 0.02 10.38 36.96 0.49 0.70 0.50 
710 1.34 40.31 0.00 0.02 10.84 38.30 0.51 0.70 0.52 
740 1.30 39.06 0.00 0.01 10.95 39.60 0.52 0:68 0.54 
770 1.30 39.06 0.00 0.01 11.39 40.91 0.54 0.68 0.56 
800 1.26 37.81 0.00 0.01 11.46 42.17 0.56 0.65 0.58 
830 1.26 37.81 0.00 0.01 11.89 43.43 0.57 0.65 0.61 
860 1.26 37.81 0.00 0.01 12.32 44.69 0.59 0.65 0.63 
890 1.24 37.19 0.00 0.01 12.54 45.93 0.61 0.64 0.65 
920 1.21 36.25 0.00 0.01 12.63 47.14 0.62 0.63 0.67 
950 1.20 35.94 0.00 0.01 12.93 48.33 0.64 0.62 0.69 
980 1.18 35.31 0.00 0.01 13.11 49.51 0.66 0.61 0.71 
1010 1.15 34.38 0.00 0.01 13.15 50.66 0.67 0.60 0.74 
1040 1.14 34.06 0.00 0.01 13.42 51.79 0.69 0.59 0.76 
1070 1.11 33.44 0.00 0.01 13.55 52.91 0.70 0.58 0.78 
1100 1.06 31.88 0.00 0.01 13.28 53.97 0.71 0.55 0.80 
1130 1.03 30.94 0.00 0.01 13.24 55.00 0.73 0.54 0.82 
1160 1.02 30.63 0.00 0.01 13.46 56.02 0.74 0.53 0.85 
1190 1.00 30.00 0.00 0.01 13.52 57.02 0.75 0.52 0.87 
1220 0.96 28.75 0.00 0.01 13.29 57.98 0.77 0.50 0.89 
1250 0.94 28.13 0.00 0.01 13.32 58.92 0.78 0.49 0.91 
1280 0.91 27.19 0.00 0.01 13.18 59.82 0.79 0.47 0.93 
1310 0.89 26.56 0.00 0.01 13.18 60.71 0.80 0.46 0.95 
1340 0.85 25.63 0.00 0.01 13.01 61.56 0.81 0.44 0.98 
1370 0.83 25.00 0.00 0.01 12.97 62.40 0.83 0.43 1.00 
1400 0.82 24.69 0.00 0.01 13.09 63.22 0.84 0.43 1.02 
1430 0.78 23.44. 0.00 0.01 12.70 64.00 0.85 0.41 1.04 
1460 0.76 22.81 0.00 0.01 12.62 64.76 0.86 0.40 1.06 
1490 0.75 33.75 0.00 0.01 19.05 65.51 0.87 0.39 1.09 
1550 0.73 43.75 0.00 0.02 25.69 66.24 0.88 0.38 1.13 
1610 0.69 46.41 0.00 0.02 28.30 66.93 0.89 0.36 1.17 
1685 0.65 38.75 0.00 0.01 24.73 67.57 0.89 0.34 1.23 
1730 0.61 32.27 0.00 0.01 21.14 68.19 0.90 0.32 1.26 
1790 0.60 36.25 0.00 0.01 24.58 68.79 0.91 0.31 1.30 
1850 0.59 35.63 0.00 0.01 24.96 69.39 0.92 0.31 1.35 
1910 0.55 33.17 0.00 0.01 24.00 69.94 0.93 0.29 1.39 
1970 0.51 30.72 0.00 0.01 22.92 70.45 0.93 0.27 1.44 
2030 0.48 28.87 0.00 0.01 22.20 70.93 0.94 0.25 1.48 
2090 0.44 26.42 0.00 0.01 20.91 71.37 0.94 0.23 1.52 
2150 0.42 25.19 0.00 0.01 20.51 71.79 0.95 0.22 1.57 
2210 0.42 25.19 0.00 0.01 21.09 72.21 0.96 0.22 1.61 
2270 0.40 23.96 0.00 0.01 20.60 72.61 0.96 0.21 1.65 
2330 0.38 83.34 0.00 0.03 73.56 72.99 0.97 0.20 1.70 
2710 0.34 111.50 0.00 0.04 114.46 73.33 0.97 0.18 1.98 
2990 0.31 52.22 0.00 0.02 59.14 73.63 0.97 0.16 2.18 
3050 0.28 16.59 0.00 0.01 19.16 73.91 0.98 0.14 2.22 
3110 0.28 20.73 0.00 0.01 24.43 74.19 0.98 0.14 2.27 
3200 0.26 32.64 0.00 0.01 39.56 74.44 0.98 0.13 2.33 
3365 0.23 24.78 0.00 0.01 31.58 74.67 0.99 0.12 2.45 
3420 0.20 23.04 0.00 0.01 29.84 74.87 0.99 0.11 2.49 
26 
Appendix 
3590 0.18 32.25 0.00 0.01 43.86 75.06 0.99 0.10 2.62 
3770 0.15 55.29 0.00 0.02 78.96 75.21 1.00 0.08 2.75 
4310 0.10 33.79 0.00 0.01 55.16 75.31 1.00 0.05 3.14 
4430 0.08 9.83 0.00 0.00 16.49 75.40 1.00 0.04 3.23 
4550 0.07 13.98 0.00 0.01 24.09 75.47 1.00 0.04 3.32 
4820 0.05 16.89 0.00 0.01 30.84 75.52 1.00 0.03 3.51 
5210 0.03 7.06 0.00 0.00 13.94 75.55 1.00 0.02 3.80 
5280 0.03 8.29 0.00 0.00 16.59 75.58 1.00 0.02 3.85 
E. Tracer experiment 4 
Conce- E(I)= mean Time residence F(I) or 
(m in) nlralion C(I)*&I C(I)*u/m E(I)*&I lime F(I)*C F(S) E(S) S (mg/L) (min-') (min) 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 0.22 1.08 0.00 0.00 0.00 0.22 0.00 0.11 0.01 
15 0.27 1.34 0.00 0.00 0.01 0.48 0.01 0.14 0.01 
20 0.32 1.61 0.00 0.00 0.01 0.81 0.01 0.16 0.01 
25 0.41 2.04 0.00 0.00 0.02 1.22 0.02 0.21 0.02 
30 0.48 3.63 0.00 0.00 0.04 1.70 0.02 0.25 0.02 
·40 0.65 6.45 0.00 0.00 0.10 2.34 0.03 0.33 0.03 
50 0.75 7.53 0.00 0.00 0.14 3.10 0.04 0.38 0.04 
60 0.86 8.60 0.00 0.00 0.20 3.96 0.05 0.44 0.04 
70 1.05 10.54 0.00 0.00 0.28 5.01 0.07 0.53 0.05 
80 1.13 11.29 0.00 0.00 0.34 6.14 0.08 0.57 0.06 
90 1.18 23.66 0.00 0.01 0.81 7.32 0.10 0.60 0.07 
120 1.40 41.94 0.00 0.02 1.91 8.72 0.12 0.71 0.09 
150 1.57 47.10 0.00 0.02 2.68 10.29 0.14 0.79 0.11 
180 1.63 49.03 0.00 0.02 3.34 11.92 0.16 0.83 0.13 
210 1.63 49.03 0.00 0.02 3.90 13.56 0.18 0.83 0.16 
240 1.63 49.03 0.00 0.02 4.46 15.19 0.21 0.83 0.18 
270 1.63 49.03 0.00 0.02 5.01 16.83 0.23 0.83 0.20 
300 1.59 47.74 0.00 0.02 5.43 18.42 0.25 0.81 0.22 
330 1.54 46.13 0.00 0.02 5.77 19.96 0.27 0.78 0.25 
360 1.53 45.81 0.00 0.02 6.25 21.48 0.29 0.77 0.27 
390 1.53 45.81 0.00 0.02 6.77 23.01 0.31 0.77 0.29 
420 1.54 46.13 0.00 0.02 7.34 24.55 0.33 0.78 0.31 
450 1.51 45.16 0.00 0.02 7.70 26.05 0.35 0.76 0.34 
480 1.48 44.52 0.00 0.02 8.09 27.54 0.37 0.75 0.36 
510 1.48 44.52 0.00 0.02 8.60 29.02 0.39 0.75 0.38 
540 1.48 44.52 0.00 0.02 9.11 30.51 0.41 0.75 0.40 
570 1.48 44.52 0.00 0.02 9.61 31.99 0.43 0.75 0.43 
600 1.45 43.55 0.00 0.02 9.90 33.44 0.45 0.74 0.45 
630 1.38 41.29 0.00 0.02 9.85 34.82 0.47 0.70 0.47 
660 1.34 40.32 0.00 0.02 10.08 36.16 0.49 0.68 0.49 
690 1.34 40.32 0.00 0.02 10.54 37.51 0.51 0.68 0.52 
720 1.29 38.71 0.00 0.01 10.56 38.80 0.52 0.65 0.54 
750 1.30 39.03 0.00 0.01 11.09 40.10 0.54 0.66 0.56 
780 1.24 37.10 0.00 0.01 10.96 41.33 0.56 0.63 0.58 
27 
Appendix 
810 1.20 36.13 0.00 0.01 11.09 42.54 0.57 0.61 0.61 
840 1.20 36.13 0.00 0.01 11.50 43.74 0.59 0.61 ·0.63 
870 1.22 36045 0.00 0.01 12.01 44.96 0.61 0.62 0.65 
900 1.20 36.13 0.00 0.01 12.32 46.16 0.62 0.61 0.67 
930 1.18 35048 0.00 0.01 12.50 47.34 0.64 0.60 0.70 
960 1.17 35.16 0.00 0.01 12.79 48.52 0.66 0.59 0.72 
990 1.13 33.87 0.00 0.01 12.70 49.65 0.67 0.57 0.74 
1020 1.13 33.87 0.00 0.01 13.09 50.77 0.69 0.57 0.76 
1050 1.10 32.90 0.00 0.01 13.09 51.87 0.70 0.56 0.79 
1080 1.08 32.26 0.00 0.01 13.20 52.95 0.72 0.54 0.81 
1110 1.08 32.26 0.00 0.01 13.56 54.02 0.73 0.54 0.83 
1140 1.06 31.94 0.00 0.01 13.79 55.09 0.74 0.54 0.85 
1170 1.03 30.97 0.00 0.01 13.72 56.12 0.76 0.52 0.88 
1200 0.98 29.35 0.00 0.01 13.34 57.10 0.77 0.50 0.90 
1230 0.97 29.03 0.00 0.01 13.53 58.06 0.78 0049 0.92 
1260 0.92 27.74 0.00 0.01 13.24 58.99 0.80 0047 0.94 
1290 0.90 27.10 0.00 0.01 13.24 59.89 0.81 0.46 0.97 
1320 0.87 26.13 0.00 0.01 13.06 60.76 0.82 0.44 0.99 
1350 0.86 25.81 0.00 0.01 13.20 61.62 0.83 0.44 1.01 
1380 0.81 24.19 0.00 0.01 12.65 62043 0.84 0041 1.03 
1410 0.80 23.87 0.00 0.01 12.75 63.23 0.85 DAD 1.05 
1440 0.75 22.58 0.00 0.01 12.32 63.98 0.86 0.38 1.08 
1470 0.70 20.97 0.00 0.01 11.68 64.68 0.87 0.35 1.10 
1500 0.65 19.35 0.00 0.01 11.00 65.32 0.88 0.33 1.12 
1530 0.65 19.35 0.00 0.01 11.22 65.97 0.89 0.33 1.14 
1560 0.62 18.71 0.00 0.01 11.06 66.59 0.90 0.32 1.17 
1590 0.57 17.10 0.00 0.01 10.30 67.16 0.91 0.29 1.19 
1620 0.55 16.45 0.00 0.01 10.10 67.71 0.91 0.28 1.21 
1650 0.54 16.13 0.00 0.01 10.08 68.25 0.92 0.27 1.23 
1680 0.52 15048 0.00 0.01 9.85 68.76 0.93 0.26 1.26 
1710 0.54 24.19 0.00 0.01 15.67 69.30 0.94 0.27 1.28 
1770 0.50 30.21 0.00 0.01 20.25 69.80 0.94 0.25 1.32 
1830 0.47 28.32 0.00 0.01 19.63 70.28 0.95 0.24 1.37 
1890 0.42 25.17 0.00 0.01 18.02 70.70 0.96 0.21 1.41 
1950 0.39 34.93 0.00 0.01 25.80 71.08 0.96 0.20 1.46 
2070 0.37 44.06 0.00 0.02 34.54 71.45 0.97 0.19 1.55 
2190 0.34 40.28 0.00 0.02 33.41 71.79 0.97 0.17 1.64 
2310 0.30 73.01 0.00 0.03 63.88 72.09 0.97 0.15 1.73 
2670 0.26 78.67 0.00 0.03 79.57 72.35 0.98 0.13 2.00 
2910 0.24 43.43 0.00 0.02 47.87 72.59· 0.98 0.12 2.18 
3030 0.21 18.88 0.00 0.01 21.67 72.80 0.98 0.11 2.27 
3090 0.21 18.88 0.00 0.01 22.10 73.01 0.99 0.11 2.31 
3210 0.19 16.99 0.00 0.01 20.66 73.20 0.99 0.10 2.40 
3270 0.16 14.35 0.00 0.01 17.77 73.36 0.99 0.08 2.45 
3390 0.15 22.32 0.00 0.01 28.66 73.51 0.99 0.08 2.54 
3570 0.15 26.78 0.00 0.01 36.22 73.66 1.00 0.08 2.67 
3750 0.13 80.35 0.00 0.03 114.13 73.79 1.00 0.06 2.81 
4830 0.11 70.14 0.00 0.03 128.33 73.89 1.00 0.05 3.61 
5070 0.07 16.74 0.00 0.01 32.15 73.97 1.00 0.04 3.79 
5280 0.05 7.97 0.00 0.00 15.94 74.02 1.00 0.03 3.95 
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F. Tracer experiment 5 
Conee- E(t)= mean F(t) Time residence 
(min) ntration C(t)*&t C(t)*u/m E(t)*&t time F(t)*C or E(e) e (mg/L) (min-') (min) F(e) 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ···0.00 0.00 
10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
15 0.02 0.11 0.00 0.00 0.00 0.02 0.00 0.01 0.01 
20 0.17 0.86 0.00 0.00 0.Q1 0.19 0.00 0.09 0.01 
25 0.32 1.61 0.00 0.00 0.02 0.52 0.01 0.17 0.02 
30 0.54 4.03 0.00 0.00 0.05 1.05 0.01 0.28 0.02 
. 40 0.86 8.60 0.00 0.00 0.13 1.91 0.02 0.46 0.03 
50 1.08 10.75 . 0.00 0.00 0.20 2.99 0.04 0.57 0.04 
60 1.24 12.37 0.00 0.00 0.28 4.23 0.05 0.65 0.04 
70 1.37 13.66 0.00 0.01 0.36 5.59 0.07 0.72 0.05 
80 1.41 14.09 0.00 0.01 0.43 7.00 0.09 0.75 0.06 
90 1.51 30.11 0.00 0.Q1 1.03 8.51 0.11 0.80 0.06 
120 1.61 48.39 0.00 0.02 2.20 10.12 0.13 0.85 0.09 
150 1.62 48.71 0.00 0.02 2.77 11.74 0.15 0.86 0.11 
180 1.70 50.97 0.00 0.02 3.48 13.44 0.17 0.90 0.13 
210 1.65 49.35 0.00 0.02 3.93 15.09 0.19 0.87 0.15 
240 1.65 49.35 0.00 0.02 4.49 16.73 0.22 0.87 0.17 
270 1.61 48.39 0.00 0.02 4.95 18.34 0.24 0.85 0.19 
300 1.60 48.06 0.00 0.02 5.46 19.95 0.26 0.85 0.21 
330 1.57 47.10 0.00 0.02 5.89 21.52 0.28 0.83 0.24 
360 1.52 45.48 0.00 0.02 6.20 23.03 0.30 0.80 0.26 
390 1.51 45.16 0.00 0.02 6.67 24.54 0.32 0.80 0.28 
420 1.49 44.84 0.00 0.02 7.13 26.03 0.34 0.79 0.30 
450 1.42 42.58 0.00 0.02 7.26 27.45 0.35 0.75 0.32 
480 1.41 42.26 0.00 0.02 7.68 28.86 0.37 0.75 0.34 
510 1.41 42.26 0.00 0.02 8.16 30.27 0.39 0.75 0.36 
540 1.40 41.94 0.00 0.02 8.58 31.67 0.41 0.74 0.39 
570 1.38 41.29 0.00 0.02 8.91 33.04 0.43 0.73 0.41 
600 1.34 40.32 0.00 0.02 9.16 34.39 0.44 0.71 0.43 
630 1.30 39.03 0.00 0.01 9.31 35.69 0.46 0.69 0.45 
660 1.29 38.71 0.00 0.01 9.68 36.98 0.48 0.68 0.47 
690 1.28 38.39 0.00 0.01 10.03 38.26 0.49 0.68 0.49 
720 1.22 36.45 0.00 0.01 9.94 39.47 0.51 0.64 0.51 
750 1.20 36.13 0.00 0.Q1 10.26 40.68 0.52 0.64 0.54 
780 1.18 35.48 0.00 0.Q1 1D.48 41.86 0.54 0.63 0.56 
810 1.18 35.48 0.00 0.Q1 10.89 43.04 0.56 0.63 0.58 
840 1.16 34.84 0.00 0.01 11.09 44.20 0.57 0.62 0.60 
870 1.11 33.23 0.00 0.01 10.95 45.31 0.58 0.59 0.62 
900 1.09 32.58 0.00 0.01 11.11 46.40 0.60 0_58 0.64 
930 1.08 32.26 0.00 0.01 11.36 47.47 0.61 0.57 0.67 
960 . 1.08 32.26 0.00 0.Q1 11.73 48.55 0.63 0.57 0.69 
990 1.08 32.26 0.00 0.Q1 12.10 49.62 0.64 0.57 0.71 
1020 1.05 31.61 0.00 0.01 12.21 50.68 0.65 0.56 0.73 
1050 1.02 30.65 0.00 0.Q1 12.19 51.70 0.67 0.54 0.75 
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1080 0.99 29.68 0.00 0.01 12.14 52.69 0.68 0.52 0.77 
1110 0.97 29.03 0.00 0.01 12.21 53.66 0.69 0.51 0.79 
1140 0.97 29.03 0.00 0.01 12.54 54.62 0.70 0.51 0.82 
1170 0.96 28.71 0.00 0.01 12.72 55.58 0.72 0.51 0.84 
1200 0.91 27.42 0.00 0.01 12.46 56.49 0.73 0.48 0.86 
1230 0.91 27.42 0.00 0.01 12.77 57.41 0.74 0.48 0.88 
1260 0.88 26.45 0.00 0.01 12.62 58.29 0.75 0.47 0.90 
1290 0.87 26.13 0.00 0.01 12.77 59.16 0.76 0.46 0.92 
1320 0.86 25.81 0.00 0.01 12.90 60.02 0.77 0.46 0.94 
1350 0.83 24.82 0.00 0.01 12.69 60.85 0.78 0.44 0.97 
1380 0.77 23.25 0.00 0.01 12.15 61.62 0.79 0.41 0.99 
1410 0.74 22.30 0.00 0.01 11.91 62.37 0.80 0.39 1.01 
1440 0.73 27.49 0.00 0.01 14.99 63.10 0.81 0.39 1.03 
1485 0.73 38.48 0.00 0.01 21.65 63.83 0.82 0.39 1.06 
1545 0.72 43.35 0.00 0.02 25.37 64.56 0.83 0.38 1.11 
1605 0.69 41.47 0.00 0.02 25.21 65.25 0.84 0.37 1.15 
1665 0.65 38.95 0.00 0.01 24.57 65.90 0.85 0.34 1.19 
1725 0.63 37.70 0.00 0.01 24.63 66.52 0.86 0.33 1.23 
1785 0.63 37.70 0.00 0.01 25.49 67.15 0.87 0.33 1.28 
1845 0.62 37.07 0.00 0.01 25.91 67.77 0.87 0.33 1.32 
1905 0.58 34.55 0.00 0.01· 24.93 68.35 0.88 0.31 1.36 
1965 0.53 32.04 0.00 0.01 23.85 68.88 0.89 0.28 1.41 
2025 0.52 31.41 0.00 0.01 24.10 69.40 0.90 0.28 1.45 
2085 0.52 31.41 0.00 0.01 24.81 69.93 0.90 0.28 1.49 
2145 0.51 30.79 0.00 0.01 25.01 70.44 .0.91 0.27 1.53 
2205 0.50 30.16 0.00 0.01 25.19 70.94 0.91 0.27 1.58 
2265 0.46 27.64 0.00 0.01 23.72 71.40 0.92 0.24 1.62 
2325 0.43 25.76 0.00 0.01 22.69 71.83 0.93 0.23 1.66 
2385 0.42 25.13 0.00 0.01 22.70 72.25 0.93 0.22 1.71 
2445 0.42 25.13 0.00 0.01 23.27 72.67 0.94 0.22 1.75 
2505 0.40 23.87 0.00 0.01 22.65 73.07 0.94 0.21 1.79 
2565 0.40 23.87 0.00 0.01 23.20 73.47 0.95 0.21 1.83 
2625 0.35 20.73 0.00 0.01 20.62 73.81 0.95 0.18 1.88 
2685 0.32 19.48 0.00 0.01 19.81 74.14 0.96 0.17 1.92 
2745 0.31 18.85 0.00 0.01 19.60 74.45 0.96 0.17 1.96 
2805 0.31 18.85 0.00 0.01 20.03 74.76 0.96 0.17 2.01 
2865 0.31 18.85 0.00 0.01 20.45 75.08 0.97 0.17 2.05 
2925 0.30 22.77 0.00 0.01 25.23 75.38 0.97 0.16 2.09 
3015 0.28 25.45 0.00 0.01 29.06 75.67 0.98 0.15 2.16 
3105 0.26 23.56 0.00 0.01 27.71 75.93 0.98 0.14 2.22 
3195 0.22 28.04 0.00 0.01 33.93 76.15 0.98 0.12 2.29 
3360 0.21 26.70 0.00 0.01 33.98 76.36 0.98 0.11 2.40 
3450 0.21 17.28 0.00 0.01 22.58 76.57 0.99 0.11 2.47 
3525 0.21 63.87 0.00 0.02 85.29 76.78 0.99 0.11 2.52 
4060 0.12 36.28 0.00 0.01 55.80 76.89 0.99 0.06 2.90 
4155 0.10 9.69 0.00 0.00 15.24 77.00 0.99 0.06 2.97 
4245 0.10 9.42 0.00 0.00 15.15 77.10 0.99 0.06 3.04 
4335 0.10 10.99 0.00 0.00 18.05 77.20 1.00 0.06 3.10 
4455 0.09 12.25 0.00 0.00 20.67 77.30 1.00 0.05 3.19 
4595 0.08 10.89 0.00 0.00 18.95 77.38 1.00 0.04 3.29 
4715 0.07 13.19 0.00 0.00 23.56 77.46 1.00 0.04 3.37 
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4955 0.05 14.79 0.00 0.01 27.76 77.51 1.00 0.03 3.54 
5280 0.03 17.12 0.00 0.01 34.24 77.54 1.00 0.02 3.78 
G. Tracer experiment 6 
Conce- E(t)= mean F(t) Time residence 
(min) ntration C(t)*&t C(t)*u/m E(t)*&t time F(t)*C or E(e) e (mg/L) (min-') (mini F(S) 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 0.00 0.00 0.00 0.00 0.00 ·0.00 0.00 0.00 0.01 
15 0.18 0.90 0.00 0.00 0.01 0.18 0.00 0.09 0.01 
20 0.43 2.13 0.00 0.00 0.02 0.61 0.01 0.21 0.02 
25 0.64 3.19 0.00 0.00 0.03 1.24 0.02 0.32 0.02 
30 0.85 6.38 0.00 0.00 0.07 2.10 0.03 0.43 0.02 
40 1.06 10.64 0.00 0.00 0.16 3.16 0.04 0.54 0.03 
50 1.27 12.66 0.00 0.00 0.24 4.43 0.06 0.64 0.04 
60 1.37 13.72 0.00 0.01 0.31 5.80 0.08 0.69 0.05 
70 1.43 14.26 0.00 0.01 0.38 7.22 0.10 0.72 0.05 
80 1.49 14.89 0.00 0.01 0.45 8.71 0.12 0.75 0.06 
90 1.50 30.00 0.00 0.01 1.02 10.21 0.14 0.76 0.07 
120 1.59 47.55 0.00 0.02 2.16 11.80 0.17 0.80 0.09 
150 1.59 47.55 0.00 0.02 2.70 13.38 0.19 0.80 0.11 
180 1.55 46.60 0.00 0.02 3.18 14.94 0.21 0.78 0.14 
210 1.51 45.32 0.00 0.02 3.60 16.45 0.23 0.76 0.16 
240 1.49 44.68 0.00 0.02 4.06 17.94 0.25 0.75 0.18 
270 1.49 44.68 0.00 0.02 4.57 19.43 0.27 0.75 0.20 
300 1.46 43.72 0.00 0.02 4.97 20.88 0.30 0.74 0.23 
330 1.40 42.13 0.00 0.02 5.27 22.29 0.31 0.71 0.25 
360 1.39 41.81 0.00 0.02 5.70 23.68 0.33 0.70 0.27 
390 1.37 41.17 0.00 0.02 6.08 25.05 0.35 0.69 0.29 
420 1.33 39.89 0.00 0.02 6.35 26.38 0.37 0.67 0.32 
450 1.30 38.94 0.00 0.01 6.64 27.68 0.39 0.66 0.34 
480 1.28 38.30 0.00 0.01 6.96 28.96 0.41 0.64 0.36 
510 1.28 38.30 0.00 0.01 7.40 30.23 0.43 0.64 0.38 
540 1.27 37.98 0.00 0.01 7.77 31.50 0.45 0.64 0.41 
570 1.21 36.38 0.00 0.01 7.86 32.71 0.46 0.61 0.43 
600 1.17 35.11 0.00 0.D1 7.98 33.88 0.48 0.59 0.45 
630 1.15 34.47 0.00 0.01 8.23 . 35.03 0.49 0.58 0.47 
660 1.12 33.51 0.00 0.01 8.38 36.15 0.51 0.56 0.50 
690 1.07 32.23 0.00 0.01 8.42 37.22 0.53 0.54 0.52 
720 1.07 32.23 0.00 0.01 8.79 38.30 0.54 0.54 0.54 
750 1.07 32.23 0.00 0.01 9.16 39.37 0.56 0.54 0.56 
780 1.05 31.60 0.00 0.01 9.34 40.43 0.57 0.53 0.59 
810 1.04 31.28 0.00 0.01 9.60 41.47 0.59 0.53 0.61 
840 1.01 30.32 0.00 0.01 9.65 42.48 0.60 0.51 0.63 
870 0.97 29.04 0.00 0.01 9.57 43.45 0.61 0.49 0.65 
900 0.97 29.04 0.00 0.01 9.90 44.41 0.63 0.49 0.68 
930 0.96 28.72 0.00 0.01 10.12 45.37 0.64 0.48 0.70 
960 0.94 28.09 0.00 0.01 10.21 46.31 0.65 0.47 0.72 
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990 0.87 26.17 0.00 0.01 9.81 47.18 0.67 0.44 0.74 
1020 0.86 25.85 0.00 0.01 9.99 48.04 0.68 0.44 0.77 
1050 0.86 25.85 0.00 0.01 10.28 48.90 0.69 0.44 0.79 
1080 0.85 25.53 0.00 0.01 10.44 49.76 0.70 0.43 0.81 
1110 0.85 25.53 0.00 0.01 10.74 50.61 0.71 0.43 0.83 
1140 0.84 25.21 0.00 0.01 10.89 51.45 0.73 0.42 0.86 
1170 0.80 23.94 0.00 0.01 10.61 52.24 0.74 0.40 0.88 
1200 0.77 22.98 0.00 0.01 10.44 53.01 0.75 0.39 0.90 
1230 0.77 22.98 0.00 0.01 10.71 53.78 0.76 0.39 0.92 
1260 0.74 22.34 0.00 0.01 10.66 54.52 0.77 0.38 0.95 
1290 0.74 22.34 0.00 0.01 10.92 55.27 0.78 0.38 0.97 
1320 0.74 22.34 0.00 0.01 11.17 56.01 0.79 0.38 0.99 
1350 0.73 22.02 0.00 0.01 11.26 56.74 0.80 0.37 1.01 
1380 0.73 22.02 0.00 0.01 11.51 57.48 0.81 0.37 1.04 
1410 0.66 19.78 0.00 0.01 10.57 58.14 0.82 0.33 1.06 
1440 0.66 24.73 0.00 0.01 13.49 58.80 0.83 0.33 1.08 
1485 0.65 34.05 0.00 0.01 19.16 59.45 0.84 0.33 1.11 
1545 0.64 38.27 0.00 0.01 22.40 60.08 0.85 0.32 1.16 
1605 0.62 36.97 0.00 0.01 22.48 60.70 0.86 0.31 1.20 
1665 0.56 33.73 0.00 0.01 21.27 61.26 0.87 0.28 1.25 
1725 0.54 32.43 0.00 0.01 21.19 61.80 0.87 0.27 1.29 
1785 0.53 31.78 0.00 0.01 21.49 62.33 0.88 0.27 1:34 
1845 0.52 31.14 0.00 0.01 21.76 62.85 0.89 0.26 1.38 
1905 0.48 28.54 0.00 0.01 20.59 63.33 0.89 0.24 . 1.43 
1965 0.44 26.59 0.00 0.01 19.79 63.77 0.90 0.22 1.47 
2025 0.43 25.95 0.00 0.01 19.90 64.20 0.91 0.22 1.52 
2085 0.43 25.95 0.00 0.01 20.49 64.64 0.91 0.22 1.56 
2145 0.43 25.95 0.00 0.01 21.08 65.07 0.92 0.22 1.61 
2205 0.40 24.00 0.00 0.01 20.05 65.47 0.92 0.20 1.65 
2265 0.36 21.41 0.00 0.01 18.36 65.82 0.93 0.18 1.70 
2325 0.36 21.41 0.00 0.01 18.85 66.18 0.94 0.18 1.74 
2385 0.32 19.46 0.00 0.01 17.58 66.51 0.94 0.16 1.79 
2445 0.32 19.46 0.00 0.01 18.02 66.83 0.94 0.16 1.83 
2505 0.31 18.81 0.00 0.01 17.85 67.14 0.95 0.16 1.88 
2565 0.31 18.81 0.00 0.01 18.28 67.46 0.95 0.16 1.92 . 
2625 0.30 18.16 0.00 0.01 18.06 67.76 0.96 0.15 1.97 
2685 0.27 16.22 0.00 0.01 16.49 68.03 0.96 0.14 2.01 
2745 0.27 16.22 0.00 0.01 16.86 68.30 0.96 0.14 2.06 
2805 0.24 14.27 0.00 0.01 15.16 68.54 0.97 0.12 2.10 
2865 0.23 13.62 0.00 0.01 14.78 68.77 0.97 0.11 2.15 
2925 0.23 17.03 0.00 0.01 18.87 68.99 0.97 0.11 2.19 
3015 0.22 19.46 0.00 0.01 22.22 69.21 0.98 0.11 2.26 
3105 0.22 19.46 0.00 0.01 22.89 69.42 .0.98 0.11 2.33 
3195 0.21 26.19 0.00 0.01 31.69 69.63 0.98 0.10 2.40 
3360 0.18 23.43 0.00 0.01 29.82 69.81 0.99 0.09 2.52 
3450 0.13 10.70 0.00 0.00 13.99 69.94 0.99 0.07 2.59 
3525 0.12 36.27 0.00 0.01 48.43 70.06 0.99 0.06 2.64 
4060 0.11 34.05 0.00 0.01 52.37 70.17 0.99 0.05 3.05 
4155 0.11 10.00 0.00 0.00 15.74 70.28 0.99 0.05 3.12 
4245 0.11 9.73 0.00 0.00 15.64 70.39 0.99 0.05 3.18 
4335 0.11 11.35 0.00 0.00 18.64 70.49 1.00 0.05 3.25 
32 
Appendix 
4455 0.11 14.05 0.00 0.01 23.72 70.60 1.00 0.05 3.34 
4595 0.07 9.53 0.00 0.00 16.59 70.68 1.00 0.04 3,45 
4715 0.05 9,42 0.00 0.00 16.83 70.73 1.00 0.03 3.54 
4955 0.03 8.87 0.00 0.00 16.66 .70.76 1.00 0.02 3.72 
5280 0.02 11,41 0.00 0.00 22.83 70.78 1.00 0.01 3.96 
H. Tracer experiment 7 
Conce- E(t)= mean F(t) Time residence 
(m in) ntration C(t)*&t C(t)*u/m E(t)*&t time F(t)*C or E(e) e (mg/L) (min") Imin) F(e) 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.11 0.55 0.00 0.00 0.00 0.11 0.00 0.00 0.00 
10,4 0.11 0.53 0.00 0.00 0.00 0.21 0.00 0.00 0.01 
15 0.16 0.77 0.00 0.00 0.00 0.37 0.01 0.00 0.01 
20 0.22 1.12 0.00 0.00 0.01 0.60 0.01 0.00 0.01 
25 0,43 2.13 0.00 0.00 0.02 1.02 0.02 0.00 0.02 
30 0.53 3.99 0.00 0.00 0.05 1.55 0.02 0.00 0.02 
40 0.79 7.87 0.00 0.00 0.12 2.34 0.03 0.00 0.03 
50 0.85 8.51 0.00 0.00 0.16 3.19 0.05 0.00 0.04 
60 0.96 9.57 0.00 0.00 0.22 4.15 0.06 0.00 0.04 
70 0.96 9.57 0.00 0.00 0.25 5.11 0.08 0.00 0.05 
80 1.17 11.70 0.00 0.00 0.35 6.28 0.09 0.00 0.06 
90 1.17 23,40 0.00 0.D1 0.80 7,45 0.11 0.00 0.07 
120 1.28 38.30 0.00 0.D1 1.74 8.72 0.13 0.00 O.Og 
150 1.29 38.62 0.00 0.01 2.19 10.01 0.15 0.00 0.11 
180 1.67 50.22 0.00 0.02 3,42 11.68 0.17 0.00 0.13 
210 1.67 50.22 0.00 0.02 4.00 13.36 0.20 0.00 0.16 
240 1.57 47.19 0.00 0.02 4.29 14.93 0.22 0.00 0.18 
270 1.67 50.00 0.00 0.02 5.11 16.60 0.25 0.00 0.20 
300 1.53 45.81 0.00 0.02 5.21 18.13 0.27 0.00 0.22 
330 1,49 44.84 0.00 0.02 5.60 19.62 0.29 0.00 0.24 
360 1,40 41.94 0.00 0.02 5.72 21.02 0.31 0.00 0.27 
390 1.29 38.71 0.00 0.01 5.72 22.31 0.33 0.00 0.29 
420 1.33 39.99 0.00 0.02 6.36 23.64 0.35 0.00 0.31 
450 1.34 40.32 0.00 0.02 6.87 24.99 0.37 0.00 0.33 
480 1.26 37.74 0.00 0.01 6.86 26.24 0.39 0.00 0.35 
510 1.29 38.71 0.00 0.D1 7,48 27.53 0,41 0.00 0.38 
540 1.26 37.70 0.00 0.01 7.71 28.79 0,43 0.00 0,40 
570 1.27 37.96 0.00 0.01 8.20 30.06 0,44 0.00 0.42 
600 1.27 37.96 0.00 0.01 8.63 31.32 0,46 0.00 0,44 
630 1.28 38.51 0.00 0.D1 9.19 32.60 0,48 0.00 0,47 
660 1.28 38.51 0.00 0.01 9.63 33.89 0.50 0.00 0,49 
690 1.28 38.51 0.00 0.01 10.06 35.17 0.52 0.00 0.51 
720 1.29 38.71 0.00 0.01 10.56 36,46 0.54 0.00 0.53 
750 1.18 35,48 0.00 0.01 10.08 37.65 0.56 0.00 0.55 
780 1.02 30.65 0.00 0.01 9.05 38.67 0.57 0.00 0.58 
810 0.99 29.68 0.00 0.01 9.11 39.66 0.59 0.00 0.60 
840 0.91 27,42 0.00 0.01 8.72 40.57 0.60 0.00 0.62 
870 0.86 25.81 0.00 0.01 8.50 41.43 0.61 0.00 0.64 
33 
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900 0.97 29.03 0.00 0.01 9.90 42.40 0.63 0.00 0.67 
930 1.05 31.58 0.00 0.01 11.12 43.45 0.64 0.00 0.69 
960 0.95 28.42 0.00 0.01 .10.33 44.40 0.66 0.00 0.71 
990 0.85 25.58 0.00 0.01 9.59 45.25 0.67 0.00 0.73 
1020 0.95 28.42 0.00 0.01 10.98 46.20 0.68 0.00 0.75 
1050 0.95 28.42 0.00 0.01 11.30 47.15 0.70 0.00 0.78 
1080 0.95 28.42 0.00 0.01 11.63 48.09 0.71 0.00 0.80 
1110 0.86 25.89 0.00 0.01 10.89 48.96 0.72 0.00 0.82 
1140 0.86 25.89 0.00 0.01 11.18 49.82 0.74 0.00 0.84 
1170 0.86 25.89 0.00 0.01 11.48 50.68 0.75 0.00 0.86 
1200 0.82 24.63 0.00 0.01 11.20 51.50 0.76 0.00 0.89 
1230 0.80 24.00 0.00 0.01 11.18 52.30 0.77 0.00 0.91 
1260 0.79 23.68 0.00 0.01 11.30 53.09 0.78 0.00 0.93 
1290 0.74 22.11 0.00 0.01 10.80 53.83 0.80 0.00 0.95 
1320 0.84 25.26 0.00 0.01 12.63 54.67 0.81 0.00 0.98 
1350 0.68 20.53 0.00 0.01 10.50 55.36 0.82 0.00 1.00 
1380 0.68 20.53 0.00 0.01 10.73 56.04 0.83 0.00 1.02 
1410 0.65 19.58 0.00 0.01 10.46 56.69 0.84 0.00 1.04 
1440 0.71 27.51 0.00 0.01 15.00 57.40 0.85 0.00 1.06 
1488 0.63 34.11 0.00 0.01 19.22 58.03 0.86 0.00 1.10 
1548 0.58 34.74 0.00 0.01 20.37 58.61 0.87 0.00 1.14 
1608 0.53 31.58 0.00 0.01 19.23 59.13 0.87 0.00 1.19 
1668 0.52 30.95 0.00 0.01 19.55 59.65 0.88 0.00 1.23 
1728 0.62 37.42 0.00 0.01 24.49 60.27 0.89 0.00 1.28 
1788 0.58 34.57 0.00 0.01 23.41 60.85 0.90 0.00 1.32 
1848 0.54 32.61 0.00 0.01 22.83 61.39 0.91 0.00 1.37 
1908 0.53 31.96 0.00 0.01 23.10 61.93 0.91 0.00 1.41 
1968 0.47 28.04 0.00 0.01 20.91 62.39 0.92 0.00 1.45 
2028 0.49 29.35 0.00 0.01 22.54 62.88 0.93 0.00 1.50 
2088 0.47 28.04 0.00 0.01 22.18 63.35 0.94 0.00 1.54 
2148 0.43 26.09 0.00 0.01 21.23 63.79 0.94 0.00 1.59 
2208 0.41 24.78 0.00 0.01 20.73 64.20 0.95 0.00 1.63 
2268 0.38 22.83 0.00 0.01 19.61 64.58 0.95 0.00 1.68 
2328 0.37 71.14 0.00 0.03 62.73 64.95 0.96 0.00 1.72 
2653 0.28 84.78 0.00 0.03 85.20 65.23 0.96 0.00 1.96 
2928 0.26 44.61 0.00 0.02 49.48 65.49 0.97 0.00 2.16 
2995 0.25 15.00 0.00 0.01 17.02 65.74 0.97 0.00 2.21 
3048 0.24 13.51 0.00 0.01 15.60 65.98 0.97 0.00 2.25 
3108 0.22 16.30 0.00 0.01 19.19 66.20 0.98 0.00 2.30 
3198 0.21 18.59 0.00 0.01 22.52 66.40 0.98 0.00 2.36 
3288 0.18 15.71 0.00 0.01 19.56 66.59 0.98 0.00 2.43 
3368 0.17 10.43 0.00 0.00 13.31 66.76 0.99 0.00 2.49 
3408 0.16 14.27 0.00 0.01 18.42 66.93 0.99 0.00 2.52 
3543 0.16 19.57 0.00 0.01 26.26 67.09 0.99 0.00 2.62 
3648 0.15 17.12 0.00 0.01 23.66 67.24 0.99 0.00 2.70 
3768 0.11 35.87 0.00 0.01 51.20 67.35 0.99 0.00 2.78 
4308 0.05 17.93 0.00 0.01 29.27 67.40 1.00 0.00 3.18 
4428 0.05 6.52 0.00 0.00 10.94 67.46 1.00 0.00 3.27 
4548 0.04 5.22 0.00 0.00 8.99 67.50 1.00 0.00 3.36 
4668 0.05 8.15 0.00 0.00 14.41 67.56 1.00 0.00 3.45 
4848 0.04 7.87 0.00 0.00 14.45 67.60 1.00 0.00 3.58 
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5028 0.04 7.87 0.00 0.00 14.99 67.64 1.00 0.00 3.72 
5208 0.03 4.13 0.00 0.00 8.15 67.68 1.00 0.00 3.85 
5280 0.03 23.61 0.00 0.01 47.21 67.71 1.00 0.00 3.90 
I. Tracer experiment 8 
Conce- E(t)= mean F(t) Time residence 
(min) ntration C(t)*&t C(t)'u/m E(t)*&t time F(t)*C or E(S) e (mg/L) (min") (min) F(e) 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.33 1.65 0.00 0.00 0.00 0.33 0.00 0.18 0.00 
10 0.20 1.01 0.00 0.00 0.00 0.53 0.01 0.11 0.01 
15 0.20 1.01 0.00 0.00 0.01 0.73 0.01 0.11 0.01 
20 0.23 1.15 0.00 0.00 0.01 0.96 0.01 0.13 0.01 
25 0.30 1.51 0.00 0.00 0.01 1.26 0.02 0.17 0.02 
30 0.45 3.34 0.00 0.00 0.04 1.71 0.02 0.25 0.02 
. 
40 0.66 6.60 0.00 0.00 0.10 2.37 0.03 0.37 0.03 
50 0.86 8.61 0.00 0.00 0.16 3.23 0.04 0.48 0.03 
60 0.93 9.33 0.00 0.00 0.21 4.16 0.06 0.52 0.04 
70 1.01 10.05 0.00 0.00 0.27 5.17 0.07 0.56 0.05 
80 1.15 11.49 0.00 0.00 0.35 6.32 0.08 0.64 0.05 
90 1.21 24.12 0.00 0.01 0.82 7.52 0.10 0.68 0.06 
120 1.35 40.49 0.00 0.02 1.84 8.87 0.12 0.76 0.08 
150 1.46 43.93 0.00 0.02 2.50 10.34 0.14 0.82 0.10 
180 1.55 46.52 0.00 0.02 3.17 11.89 0.16 0.87 0.12 
210 1.58 47.38 0.00 0.02 3.77 13.47 0.18 0.88 0.14 
240 1.58 47.38 0.00 0.02 4.31 15.05 0.20 0.88 0.16 
270 1.58 47.38 0.00 0.02 4.85 16.63 0.22 0.88 0.18 
300 1.58 47.38 0.00 0.02 5.38 18.21 0.24 0.88 0.20 
330 1.54 46.07 0.00 0.02 5.76 19.74 0.27 0.86 0.22 
360 1.54 46.07 0.00 0.02 6.28 21.28 0.29 0.86 0.24 
390 1.54 46.07 0.00 0.02 6.81 22.81 0.31 0.86 0.26 
420 1.58 47.38 0.00 0.02 7.54 24.39 0.33 0.88 0.28 
450 1.58 47.38 0.00 0.02 8.08 25.97 0.35 0.88 0.30 
480 1.58 47.38 0.00 0.02 8.61 27.55 0.37 0.88 0.32 
510 1.56 46.95 0.00 0.02 9.07 29.12 0.39 0.88 0.35 
540 1.49 44.80 0.00 0.02 9.16 30.61 0.41 0.84 0.37 
570 1.49 44.80 0.00 0.02 9.67 32.10 0.43 0.84 0.39 
600 1.46 43.93 0.00 0.02 9.98 33.57 0.45 0.82 0.41 
630 1.44 43.07 0.00 0.02 10.28 35.00 0.47 0.80 0.43 
660 1.44 43.07 0.00 0.02 10.77 36.44 0.49 0.80 0.45 
690 1.28 38.33 0.00 0.01 10.02 37.72 0.51 0.72 0.47 
720 1.28 38.33 0.00 0.01 10.45 38.99 0.52 0.72 0.49 
750 1.16 34.89 0.00 0.01 9.91 40.16 0.54 0.65 0.51 
780 1.16 34.89 0.00 0.01 10.31 41.32 0.56 0.65 0.53 
810 1.01 30.15 0.00 0.01 9.25 42.32 0.57 0.56 0.55 
840 1.01 30.15 0.00 0.01 9.59 43.33 0.58 0.56 0.57 
870 1.02 29.05 0.00 0.01 9.57 44.35 0.60 0.57 0.59 
897 1.02 29.05 0.00 0.01 9.87 45.37 0.61 0.57 0.61 
927 0.99 29.72 0.00 0.01 10.44 46.36 0.62 0.55 0.63 
35 
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957 0.99 29.72 0.00 0.01 10.77 47.35 0.64 0.55 0.65 
987 0.96 28.86 0.00 0.01 10.79 48.31 0.65 0.54 0.67 
1017 0.89 26.70 0.00 0.01 10.29 49.20 0.66 0.50 0.69 
1047 0.92 27.57 0.00 0.01 10.93 50.12 0.67 0.51 0.71 
1077 0.89 26.70 0.00 0.01 10.89 51.01 0.69 0.50 0.73 
1107 0.90 27.08 0.00 0.01 11.35 51.91 0.70 0.51 0.75 
1137 0.90 27.08 0.00 0.01 11.66 52.82 0.71 0.51 0.77 
1167 1.09 32.61 0.00 0.01 14.42 53.90 0.72 0.61 0.79 
1197 1.06 31.73 0.00 0.01 14.39 54.96 0.74 0.59 0.81 
1227 1.01 30.41 0.00 0.01 14.13 55.97 0.75 0.57 0.83 
1257 0.98 29.53 0.00 0.01 14.06 56.96 0.77 0.55 0.85 
1287 0.88 26.44 0.00 0.01 12.89 57.84 0.78 0.49 0.87 
1317 0.87 26.00 0.00 0.01 12.97 58.71 0.79 0.49 0.89 
1347 0.90 27.08 0.00 0.01 13.82 59.61 0.80 0.51- 0.91 
1377 0.90 27.08 0.00 0.01 14.12 60.51 0.81 0.51 0.93 
1407 0.90 27.08 0.00 0.01 14.43 61.41 0.83 0.51 0.95 
1437 0.90 35.20 0.00 0.01 19.16 62.32 0.84 0.51 0.97 
1485 0.90 48.74 0.00 0.02 27.41 63.22 0.85 0.51 1.00 
1545 0.86 51.61 0.00 0.02 30.21 64.08 0.86 0.48 1.05 
1605 0.81 48.39 0.00 0.02 29.42 64.89 0.87 0.45 1.09 
1665 0.75 45.16 0.00 0.02 28.48 65.64 0.88 0.42 1.13 
1725 0.65 38.71 0.00 0.01 25.29 66.28 0.89 0.36 1.17 
1785 0.54 32.38 0.00 0.01 21.89 66.82 0.90 0.30 1.21 
1845 0.53 31.75 0.00 0.01 22.19 67.35 0.91 0.30 1.25 
1905 0.53 31.75 0.00 0.01 22.91 67.88 0.91 0.30 1.29 
1965 0.51 30.48 0.00 0.01 22.68 68.39 0.92 028 1.33 
2025 0.48 28.57 0.00 0.01 21.92 68.87 0.93 0.27 1.37 
2085 0.44 26.67 0.00 0.01 21.06 69.31 0.93 0.25 1.41 
2145 0.48 28.57 0.00 0.01 23.21 69.79 0.94 0.27 1.45 
2205 0.42 25.40 0.00 0.01 21.21 70.21 0.94 0.24 1.49 
2265 0.41 24.76 0.00 0.01 21.24 70.62 0.95 0.23 1.53 
2325 0.40 77.41 0.00 0.03 68.17 71.02 0.96 0.23 1.57 
2650 0.32 95.24 0.00 0.04 95.60 71.34 0.96 0.18 1.79 
2925 0.23 39.81 0.00 0.02 44.11 71.57 0.96 0.13 1.98 
2992 0.29 17.14 0.00 0.01 19.43 71.86 0.97 0.16 2.02 
3045 0.21 11.96 0.00 0.00 13.79 72.07 0.97 0.12 2.06 
3105 0.23 17.46 0.00 0.01 20.54 72.30 0.97 0.13 2.10 
3195 0.22 20.00 0.00 0.01 24.20 72.53 0.98 0.12 2.16 
3285 0.21 17.99 0.00 0.01 22.38 72.74 0.98 0.12 2.22 
3365 0.19 11.43 0.00 0.00 14.57 72.93 0.98 0.11 2.28 
3405 0.18 15.74 0.00 0.01 20.30 73.11 0.98 0.10 2.30 
3540 0.18 21.59 0.00 0.01 28.95 73.29 0.99 0.10 2.39 
3645 0.16 17.86 0.00 0.01 24.66 73.45 0.99 0.09 2.47 
3765 0.14 45.40 0.00 0.02 64.74 73.58 0.99 0.08 2.55 
4305 0.11 34.92 0.00 0.01 56.94 73.69 0.99 0.06 2.91 
4425 0.10 11.43 0.00 0.00 19.16 73.79 0.99 0.05 2.99 
4545 0.10 11.43 0.00 0.00 19.68 73.88 0.99 0.05 3.07 
4665 0.10 14.29 0.00 0.01 25.24 73.98 0.99 0.05 3.16 
4845 0.10 17.33 0.00 0.01 31.80 74.07 1.00 0.05 3.28 
5025 0.10 17.33 0.00 0.01 32.98 74.17 1.00 0.05 3.40 
5205 0.10 12.27 0.00 0.00 24.20 74.27 1.00 0.05 3.52 
36 
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I 5280 I 0.09 61.60 0.00 0.02 123.21 . 74.35 1.00 0.05 3.57 
J. Tracer experiment 9 
Conce- E(t)= mean Time residence F(t) or 
(min) ntration C(t)*&t C(t)*u/m E(t)*&t time F(t)*C F(e) E(e) e (mg/L) (min·') (min) 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
20 0.16 0.79 0.00 0.00 0.01 0.16 0.00 0.08 0.01 
25 0.29 1.47 0.00 0.00 0.01 0.45 0.01 0.15 0.02 
30 0.37 1.84 0.00 0.00 0.02 0.82 0.01 0.19 0.02 
35 0.48 2.41 0.00 0.00 0.03 1.30 0.02 0.25 0.03 
40 0.61 3.65 0.00 0.00 0.06 1.91 0.03 0.32 0.03 
47 0.70 5.98 0.00 0.00 0.11 2.61 0.03 0.37 0.03 
57 0.89 8.92 0.00 0.00 0.19 3.51 0.05 0.47 0.04 
67 1.03 10.29 0.00 0.00 0.26 4.54 0.06 0.54 0.05 
77 1.15 11.55 0.00 0.00 0.34 5.69 0.08 0.61 0.06 
87 1.19 23.73 0.00 0.01 0.78 6.88 0.09 0.62 0.06 
117 1.23 36.85 0.00 0.01 . 1.63 8.10 0.11 0.65 0.08 
147 1.25 37.48 0.00 0.01 2.09 9.35 0.13 0.66 0.11 
177 1.29 38.74 0.00 0.01 2.60 10.65 0.14 0.68 0.13 
207 1.31 39.37 0.00 0.01 3.09 11.96 0.16 0.69 0.15 
237 1.32 39.69 0.00 0.02 3.56 13.28 0.18 0.70 0.17 
267 1.36 40.94 0.00 0.02 4.14 14.65 0.20 0.72 0.19 
297 1.42 42.52 0.00 0.02 4.78 16.06 0.21 0.74 0.21 
327 1.42 42.52 0.00 0.02 5.27 17.48 0.23 0.74 0.24 
357 1.42 42.52 0.00 0.02 5.75 18.90 0.25 0.74 0.26 
387 1.42 42.52 0.00 0.02 6.23 20.31 0.27 0.74 0.28 
417 1.40 41.89 0.00 0.02 6.62 21.71 0.29 0.73 0.30 
447 1.39 41.57 0.00 0.02 7.04 23:10 0.31 0.73 0.32 
477 1.38 41.26 0.00 0.02 7.45 24.47 0.33 0.72 0.34 
507 1.35 40.63 0.00 0.02 7.80 25.83 0.35 0.71 0.37 
537 1.35 40.63 0.00 . 0.02 8.26 27.18 0.36 0.71 0.39 
567 1.33 40.00 0.00 0.02 8.59 28.51 0.38 0.70 0.41 
597 1.32 39.69 0.00 0.02 8.97 29.84 0.40 0.70 0.43 
627 1.31 39.37 0.00 0.01 9.35 31.15 0.42 0.69 0.45 
657 1.30 39.06 0.00 0.01 9.72 32.45 0.43 0.68 0.47 
687 1.31 39.37 0.00 0.01 10.25 33.76 0.45 0.69 0.50 
717 1.29 38.74 0.00 0.01 10.52 35.06 0.47 0.68 0.52 
747 1.29 38.74 0.00 0.01 10.96 36.35 0.49 0.68 0.54 
777 1.27 38.11 0.00 0.01 11.22 37.62 0.50 0.67 0.56 
807 1.26 37.80 0.00 0.01 11.55 38.88 0.52 0.66 0.58 
837 1.22 36.54 0.00 0.01 11.58 40.09 0.54 0.64 0.60 
867 1.17 34.96 0.00 0.01 11.48 41.26 0.55 0.61 0.63 
897 1.18 35.28 0.00 0.01 11.99 42.44 0.57 0.62 0.65 
927 1.17 34.96 0.00 0.01 12.28 43.60 0.58 0.61 0.67 
957 1.19 35.59 0.00 0.01 12.90 44.79 0.60 0.62 0.69 
987 1.15 34.65 0.00 0.01 12.95 45.94 0.61 0.61 0.71 
1017 1.14 34.33 0.00 0.01 13.23 47.09 0.63 0.60 0.73 
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1047 1.12 33.70 0.00 0.D1 13.37 48.21 0.64 0.59 0.75 
1077 1.12 33.70 0.00 0.01 13.75 49.33 0.66 0.59 0.78 
1107 1.11 33.39 0.00 0.01 14.00 50.45 0.67 0.58 0.80 
1137 1.10 33.07 0.00 0.01 14.24 51.55 0.69 0.58 0.82 
1167 1.07 32.13 0.00 0.01 14.20 52.62 0.70 0.56 0.84 
1197 1.07 32.13 0.00 0.01 14.57 53.69 .0.72 0.56 0.86 
1227 1.08 32.44 0.00 0.01 15.08 54.77 0.73 0.57 0.88 
1257 1.07 32.13 0.00 0.01 15.30 55.84 0.75 0.56 0.91 
1287 1.07 32.13 0.00 0.01 15.66 56.91 0.76 0.56 0.93 
1317 I 1.05 31.50 0.00 0.01 15.71 57.96 0.78 0.55 0.95 
1347 1.05 31.50 0.00 0.01 16.07 59.01 0.79 0.55 0.97 
1377 1.05 31.50 0.00 0.01 16.43 60.06 0.80 0.55 0.99 
1407 1.03 33.44 0.00 0.01 17.82 61.09 0.82 0.54 1.01 
1442 0.99 46.88 0.00 0.02 25.60 62.08 0.83 0.52 1.04 
1502 0.94 56.69 0.00 0.02 32.25 63.02 0.84 0.50 1.08 
1562 0.88 52.77 0.00 0.02 31.23 63.90 0.85 0.46 1.13 
1622 0.79 47.50 0.00 0.02 29.18 64.69 0.87 0.42 1.17 
1682 0.74 44.38 0.00 0.02 28.27 65.43 0.88 0.39 1.21 
1742 0.73 43.75 0.00 0.02 28.87 66.16 0.89 0.38 1.26 
1802 0.72 43.13 0.00 0.02 29.44 66.88 0.89 0.38 1.30 
1862 0.68 40.63 0.00 0.02 28.65 67.56 0.90 0.36 1.34 
1922 0.65 48.44 0.00 0.02 35.26 68.21 0.91 0.34 1.39 
2012 0.63 56.25 0.00 0.02 42.87 68.83 0.92 0.33 1.45 
2102 0.59 44.53 0.00 0.02 35.46 69.42 0.93 0.31 1.52 
2162 0.56 33.75 0.00 0.01 27.64 69.99 0.94 0.30 1.56 
2222 0.54 32.50 0.00 0.01 27.35 70.53 0.94 0.28 1.60 
2282 0.52 93.75 0.00 0.04 81.04 71.05 0.95 0.27 1.65 
2582 0.47 126.56 0.00 0.05 123.78 71.52 0.96 0.25 1.86 
2822 0.40 59.38 0.00 0.02 63.47 71.91 0.96 0.21 2.03 
2882 0.36 21.88 0.00 0.01 23.88 72.28 0.97 0.19 2.08 
2942 0.33 20.00 0.00 0.01 22.29 72.61 0.97 0.18 2.12 
3002 0.30 18.13 0.00 0.01 20.61 72.91 0.98 0.16 2.16 
3062 0.27 20.31 0.00 0.01 23.56 73.18 0.98 0.14 2.21 
3152 0.25 22.50 0.00 0.01 26.86 73.43 0.98 0.13 2.27 
3242 0.23 20.63 0.00 0.01 25.33 73.66 0.99 0.12 2.34 
3332 0.22 22.97 0.00 0.01 28.99 73.88 0.99 0.11 2.40 
3452 0.19 19.69 0.00 0.01 25.74 74.07 0.99 0.10 2.49 
3542 0.17 15.00 0.00 0.01 20.13 74.24 0.99 0.09 2.55 
3632 0.14 12.19 0.00 0.00 16.77 74.37 0.99 0.07 2.62 
3722 0.10 32.81 0.00 0.01 46.26 74.48 1.00 0.05 2.68 
4262 0.07 24.06 0.00 0.01 38.85 74.55 1.00 0.04 3.07 
4382 0.05 6.25 0.00 0.00 10.37 74.60 1.00 0.03 3.16 
4502 0.04 5.00 0.00 0.00 8.53 74.64 1.00 0.02 3.25 
4622 0.03 4.69 0.00 0.00 8.21 74.67 1.00 0.02 3.33 
4802 0.03 5.63 0.00 0.00 10.23 74.71 1.00 0.02 3.46 
4982 0.02 3.75 0.00 0.00 7.08 74.73 1.00 0.01 3.59 
5162 0.02 3.10 0.00 0.00 6.07 74.75 1.00 0.01 3.72 
5280 0.01 3.43 0.00 0.00 6.85 74.76 1.00 0.01 3.81 
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K. Tracer experiment 10 
Conce- E(t)= mean F(t) Time residence 
(min) ntration C(t)*&t C(t)*u/m E(t)*&t time F(t)*C or E(8) 8 (mg/L) (min-') 
_ (min) F(8) 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0,00 0,00 
10 0.32 1.58 0,00 0,00 0.01 0.32 0,00 0.15 0.01 
15 0,61 3.05 0,00 0.00 0.02 0,93 0,01 0,30 0,01 
20 0.82 4.11 0,00 0,00 0.03 1,75 0,02 0.40 0.02 
25 0,95 4.74 . 0,00 0,00 0.04 2.69 0,04 0.46 0,02 
30 1.05 7.89 0.00 0,00 0,09 3,75 0.05 0.52 0.02 
40 1,18 11,79 0,00 0,00 0.18 4.93 0,06 0,58 0,03 
50 1.26 12,63 0.00 0,00 0.24 6,19 0.08 0.62 0,04 
60 1.26 12,57 0.00 0,00 0,29 7.45 0.10 0.62 0.05 
70 1,28 12,77 0,00 0.00 0,34 8,72 0,11 0,63 0,05 
80 1.35 13,51 0.00 0,01 0.41 10,07 0.13 0,66 0.06 
90 1,35 27.02 0,00 0.01 0.92 11.43 0,15 0,66 0,07 
120 1.47 43,98 0.00 0.02 2,00 12,89 0,17 0,72 0,09 
150 1.48 44,29 0,00 0,02 2.52 14.37 0,19 0.72 0,12 
180 1.49 44.61 0,00 0.02 3.04 15.85 0.21 0,73 0,14 
210 1.49 44,61 0.00 0,02 3,55 17,34 0.23 0,73 0.16 
240 1.49 44,61 0,00 0,02 4,06 18,83 0.25 0.73 0.19 
270 1.49 44,61 0.00 0.02 4,56 20,32 0.26 0,73 0,21 
300 1.46 43,66 0.00 0,02 4,96 21,77 0.28 0,71 0.23 
330 1.47 43.98 0,00 0.02 5.50 23.24 0,30 0,72 0,25 
360 1.41 42.41 0.00 0,02 5,78 24,65 0,32 0,69 0,28 
390 1.41 42.41 0,00 0,02 6.26 26,06 0,34 0.69 0.30 
420 1.47 43.98 0,00 0.02 7.00 27.53 0,36 0,72 0,32 
450 1.45 43,35 0,00 0,02 7,39 28,97 0.38 0.71 0.35 
480 1.40 42.09 0,00 0,02 7.65 30,38 0.40 0.69 0.37 
510 1.38 41.47 0.00 0,02 8,01 31,76 0,41 0,68 0,39 
540 1,36 40,84 0,00 0,02 8.35 33,12 0.43 0.67 0.42 
570 1,36 40,84 0.00 0.02 8,82 34.48 0,45 0,67 0.44 
600 1.36 40,84 0.00 0,02 9,28 35,84 0.47 0,67 0.46 
630 1,35 40,52 0.00 0.02 9.67 37.19 0.48 0,66 0.49 
660 1,31 39,27 0.00 0.01 9,82 38.50 0,50 0,64 0,51 
690 1,32 39.58 0,00 0,01 10.35 39.82 0,52 0.65 0.53 
720 1,30 38.95 0,00 0.01 10.62 41.12 0,54 0.64 0.56 
750 1.27 38,01 0.00 0,01 10,80 42,39 0.55 0,62 0.58 
780 1,26 37.70 0,00 0.01 11,14 43,64 0.57 0.62 0.60 
810 1.26 37,70 0.00 0,01 11,57 44,90 0,58 0,62 0,63 
840 1.24 37,07 0.00 0,01 11,79 46,14 0.60 0,61 0,65 
870 1.21 36.44 0.00 0.01 12.01 47.35 0,62 0.60 0,67 
900 1,17 35,18 0.00 0.01 11.99 48.52 0,63 0,58 0,70 
930 1,15 34.55 0,00 0,01 12,17 49.68 0.65 0.56 0.72 
960 1,15 34.55 0,00 0.01 12.57 50.83 0,66 0.56 0,74 
990 1,13 33,93 0.00 0,01 12,72 51,96 0.68 0,55 0,76 
1020 1,12 33.61 0,00 0.01 12,99 53.08 0.69 0.55 0,79 
1050 1.07 32,04 0.00 0,01 12,74 54,15 0,70 0,52 0,81 
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1080 1.07 32.04 0.00 0.01 13.11 55.22 0.72 0.52 0.83 
1110 1.05 31.41 0.00 0.01 13.21 56.26 0.73 0.51 0.86 
1140 1.05 31.41 0.00 0.01 13.56 57.31 0.75 0.51 0.88 
1170 1.04 31.10 0.00 0.01 13.78 58.35 0.76 0.51 0.90 
1200 0.94 28.27 0.00 0.01 12.85 59.29 0.77 0.46 0.93 
1230 0.96 28.90 0.00 0.01 13.47 60.25 0.78 0.47 0.95 
1260 0.94 28.27 0.00 0.01 13.49 61.19 0.80 0.46 0.97 
1290 0.94 28.27 0.00 0.01 13.81 62.14 0.81 0.46 1.00 
1320 0.94 28.27 0.00 0.01 14.14 63.08 0.82 0.46 1.02 
1350 0.93 27.96 0.00 0.01 14.30 64.01 0.83 0.46 1.04 
1380 0.93 27.96 0.00 0.01 14.61 64.94 0.85 0.46 1.07 
1410 0.87 28.25 0.00 0.01 15.09 65.81 0.86 0.43 1.09 
1445 0.85 40.29 0.00 0.02 22.05 66.66 0.87 0.42 1.12 
1505 0.82 49.01 0.00 0.02 27.94 67.48 0.88 0.40 1.16 
1565 0.82 49.01 0.00 0.02 29.05 68.29 0.89 0.40 1.21 
1625 0.66 39.37 0.00 0.01 24.23 68.95 0.90 0.32 1.26 
1685 0.61 36.83 0.00 0.01 23.50 69.56 0.91 0.30 1.30 
1745 0.60 36.19 0.00 0.01 23.92 70.17 0.91 0.30 1.35 
1805 0.59 35.56 0.00 0.01 24.31 70.76 0.92 0.29 1.39 
1865 0.55 33.02 0.00 0.01 23.32 71.31 0.93 0.27 1.44 
1925 0.50 37.30 0.00 0.01 27.20 71.81 0.93 0.24 1.49 
2015 0.50 44.76 0.00 0.02 34.16 72.30 0.94 0.24 1.56 
2105 0.49 36.51 0.00 0.01 29.11 72.79 0.95 0.24 1.63 
2165 0.44 26.67 0.00 0.01 21.87 73.24 0.95 0.22 1.67 
2225 0.40 24.13 0.00 0.01 20.33 73.64 0.96 0.20 1.72 
2285 0.39 70.48 0.00 0.03 61.00 74.03 0.96 0.19 1.77 
2585 0.30 80.00 0.00 0.03 78.33 74.33 0.97 0.15 2.00 
2825 0.26 39.68 0.00 0.02 42.46 74.59 0.97 0.13 2.18 
2885 0.23 13.97 0.00 0.01 15.26 74.82 0.97 0.11 2.23 
2945 0.20 12.06 0.00 0.00 13.46 75.02 0.98 0.10 2.27 
3005 0.23 13.97 0.00 0.01 15.90 75.26 0.98 0.11 2.32 
3065 0.18 13.49 0.00 0.01 15.66 75.44 0.98 0.09 2.37 
3155 0.20 18.10 0.00 0.01 21.63 75.64 0.98 0.10 2.44 
3245 0.18 16.19 0.00 0.01 19.90 75.82 0.99 0.09 2.51 
3335 0.17 17.78 0.00 0.01 22.46 75.99 0.99 0.08 2.58 
3455 0.14 14.44 0.00 0.01 18.90 76.12 0.99 0.07 2.67 
3545 0.13 11.43 0.00 0.00 15.35 76.25 0.99 0.06 2.74 
3635 0.10 8.57 0.00 0.00 11.80 76.35 0.99 0.05 2.81 
3725 0.08 26.67 0.00 0.01 37.63 76.43 0.99 0.04 2.88 
4265 0.07 24.44 0.00 0.01 39.49 76.51 1.00 0.04 3.29 
4385 0.07 8.89 0.00 0.00 14.76 76.58 1.00 0.04 3.39 
4505 0.06 7.62 0.00 0.00 13.00 76.64 1.00 0.03 3.48 
4625 0.06 9.52 0.00 0.00 16.68 76.71 1.00 0.03 3.57 
4805 0.05 9.52 0.00 0.00 17.33 76.76 1.00 0.03 3.71 
4985 0.04 7.62 0.00 0.00 14.39 76.80 1.00 0.02 3.85 
5165 0.02 3.12 0.00 0.00 6.11 76.82 1.00 0.01 3.99 
5280 0.02 15.24 0.00 0.01 30.48 76.84 1.00 0.01 4.08 
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L. The data for synthetic municipal wastewater treatment experiment 
TOe (filtered) (mglL) pH SS (mg/L) TURBIDITY (NTU) NH4-N (ftltered}{mg/L) P04-P (filtered) (mg/L) TEMPERATURE ('C) 
TIME Effluent Effluent Effluent Effluent Effluent Effluent Effluent 
Influent Influent Infh;ent Influent Influent Influent Influent 
Wool Kaldnes Wool Kaldnes Wool Kaldnes Wool Ka\dnes Wool Kaldnes Woo! Ka\dnes Wool Kaldnes 
31-May 112.32 7.336 13.465 7.56 7.41 7.46 258 50 14 24.1 2.6 1.6 16.9 1.378 0.234 84 70 70 14 15.4 15.4 
06-Jun 130.14 7.952 9.916 6.59 7.32 7.27 248 44 5 29.7 5.95 1.03 31.2 0.715 0.079 61 61 58 14.6 14.8 14.8 
13-Jun 130.84 8.363 11.846 6.94 7.05 7.27 199 60 26 43.4 6.57 4.5 44.2 1.43 0.65 89 81 72 12.4 12 12 
14-Jun 128.94 7.96 16.13 7.64 7.83 7.27 183 17 33 42.4 4.48 5.51 39 14.3 0.143 80 81 72 16.2 15.5 15.5 
15-Jun 127.52 8.536 14.71 7.27 8.03 7.3 155 36 80 41.3 3.69 7.41 27.3 26 0.117 56 72 70 15.2 17.1 17 
27-Jun 125.07 11.3 17.559 7.2 7.5 7.39 138 17 61 37.8 1.86 4,81 23.4 0.273 0.143 64 75 61 15.8 16.8 16.8 
29-Jun 120.86 6.588 9.87 7.06 7.63 7.37 259 16 184 66.9 2.2 14.8 31.2 0.26 0.156 56 64 64 17.2 17.6 17.4 
01-Jul 126.81 8.487 10.54 7.01 7.72 7.43 138 2 49 50.7 1.42 6.67 B5 0.234 0.143 64 54 56 17.3 18 18 
04-Jul 115.4 8.381 17.05 7.09 7.45 7.31 139 3 59 54.1 1.02 5.39 29.9 0.169 0.169 67 72 72 17.3 17.9 17.9 
D6-Jul 108.77 6.828 7.993 7.12 7.48 7.34 133 10 38 58.4 1.5 5.18 33.8 0.13 0.169 64 64 64 16.6 17.3 17 
08-Jul 111,71 5.583 7.773 7.07 7.38 7.21 122 11 22 62.9 2.18 3.78 29.9 0.13 0.104 64 64 58 16.5 16.5 16.3 
11..Jul 164.34 9.15 12.45 8.13 7.45 7.41 184 11 5 59.9 1.67 1.17 41.6 0.169 6.5 56 67 67 22.5 22.3 22 
13-Jul 126.07 7.34 9.18 6.99 7.54 7.7 194 6 6 13.4 1.18 0.76 40.3 0.325 6.5 56 70 56 20.9 22.2 22.1 
15-Jul 96.9 6.76 8.62 7.59 7.59 7.6 146 8 48 19.8 1.21 4.61 29.9 0.338 0.182 56 67 72 21 22.5 22.5 
18-Jul 116.09 7.951 9.93 7.41 7.39 7.27 129 0 20 26.4 1.34 1.6 28.6 0.299 0.117 70 61 64 20 22 22 
20-Ju( 103.64 6.346 6.387 7.6 7.45 7.3 145 4 16 71.3 0.86 1.43 26 0.13 0.143 64 75 81 17.5 19 18.9 
22·Jul 100.28 5.015 5.14 7.18 7.45 7.39 152 5 30 64.3 1.02 4.21 29.9 0.117 0.117 89 75 67 16.8 17.5 17.2 
27-Ju( 101.25 6.662 6.453 7.53 7.11 7.09 112 3 10 20.4 0.74 1.55 37.7 0.143 0.091 61 81 67 15.5 16.3 15.9 
29..Ju! 121 5.774 7.424 7.42 7.03 7.08 190 11 19 20.7 1.65 1.54 33.8 0.117 0.078 61 70 61 17.2 18 17.6 
01-Aug 128.93 8.172 9.069 7.08 7.17 7.23 150 5 20 22.1 2.33 298 37.7 0.143 0.078 61 61 61 16.2 16.8 16.3 
03·Aug 88.81 7.09 7.62 7.65 7.48 7.48 171 15 22 25.5 1,11 5.61 31.2 7.8 0.377 64 75 64 17.9 19.4 19 
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05~Aug 98.12 4.42 4,71 7.56 7.45 7.37 122 0 12 61.9 1.05 1.81 36.4 0.156 0.156 75 67 58 17.5 18.6 18.4 
08-Aug 84.11 5,782 6.01 8.23 7.51 7.41 196 8 9 45.3 2.17 1.8 32.5 0.13 0.091 56 70 56 14.9 15.7 15.4 
10~Aug: 106.23 5.37 6.9 7.39 7.37 7.3 169 7 8 46.6 1.04 1.33 37.7 0.117 0.13 75 67 58 17.9 19 18.8 
12-Aug 105.39 6.26 5.34 7.38 7.37 7.31 137 1 4 60.1 0.75 1.49 33.8 0.091 0.117 61 61 64 18.5 20 19.8 
15-Aug 81.24 . 4.3 6.17 8.12 7.4 7.53 186 10 19 32.3 2.04 2.86 35.1 0.065 0.13 58 64 51 16 17 16.8 
17-Aug 84.67 3.15 6.16 7.6 7.39 7.35 143 3 10 21.4 1.02 1.68 23.4 0.065 0.117 46 70 64 18 19.3 19.2 
19-Aug 88.63 4.51 4.65 7.54 7.56 7.39 151 5 8 22.4- 0.93 1.58 28.6 0.117 0.104 54 61 64 18.4 19.8 19.5 
22-Aug 80.41 5.51 6.55 7.98 7.44 7.28 156 q 11 34.6 1.38 1.81 28.6 0.091 0.104 58 67 70 18.5 20.3 20 
24.Aug 85.1 7.04 7.63 7.72 7.2 7.29 125 5 3 20.4 1.09 1.66 35.1 0.091 0.104 67 75 61 17.5 19.2 19.2 
26-Aug 81.34 4.417 6.364 7.48 7.29 7.3 186 8 26 18.6 0.97 0.95 41.6 0.078 0.104 61 70 70 14.4 15.1 15 
31-Aug 85.67 3.75 5.75 8.06 2.29 7.65 178 2 14 18.9 1.22 1.18 29.9 0.117 0.091 56 61 70 12.5 20 19.8 
02-Sep 134.96 5.18 6.74 7.44 7.8 7.35 261 10 22 15.2 0.63 1.05 44.2 0.156 0.065 61 61 61 16.8 17.7 17.6 
05-Sep 83.21 6.06 4.995 7.42 7.11 7.98 179 4 10 26.8 0.61 1.22 33.8 0.039 0.091 54 58 70 19 20.3 20 
07-Sep 82.18 5.6 8.69 7.47 7.79 8 177 5 20 28.6 0.67 1.42 27.3 0.065 0.13 54 72 64 18.2 19.8 19.5 
09--5ep 84.83 4.23 3.56 7.89 7.58 7.72 148 3 56 29 0.52 3.99 22.1 0.104 0.104 56 81 81 18.4 19.7 19.4 
12-Sep 86.46 5.13 4.02 7.88 7.53 7.64 15B 8 43 24.3 0.42 2 26 0.091 0.091 54 56 58 15.2 16.2 15.8 
14-Sep 120.92 6.5 6.383 7.27 7.37 7.33 145 5 9 16.6 0.34 1.02 42.9 0.078 0.104 61· 64 70 18.1 19.2 19 
15-Sep 95.04 4.96 5.232 7.71 7.36 7.48 172 6 16 21.3 0.26 1.49 33.8 0.052 0.091 64 70 58 16.5 17.5 17.2 
19-5ep 80.92 5.2 5.757 8.1 7.31 7A6 179 1 19 26.4 0.42 1.37 20.8 0.078 0.104 40 58 56 15.2 16.2 16 
21-Sep 87.71 5.01 5.75 7.63 7.25 7.38 155 2 17 17.8 0.38 1.04 36.4 0.039 0.065 64 58 54 15.9 17.7 17.5 
23-Sep 109.12 5.46 4.7 7.43 7.2 . 7.32 191 4 10 20.9 0.3 1.12 42.9 0.104 0.091 72 72 58 16.4 17,7 17.5 
26-Sep 80.59 2.4 4.923 7.81 7.2 7.35 174 9 18 25.6 0.84 1.22 27.3 0.117 0.104 42 67 58 14.8 16.2 16 
2B-Sep 84.11 4.59 3.311 7.84 7.24 7.42 167 3 19 29.4 0.32 1.63 18.2 0.078 0.065 48 58 54 13.6 15 14.8 
30-Sep 131.45 6.997 5.725 7.21 7.12 7.28 122 0 5 9.2 0.36 1.12 42.9 0.143 0.117 58 58 56 15.8 17.8 17.8 
03-0ct 81.89 5.97 8.096 7.83 7.27 7.5 254 0 21 23.7 0.35 1.18 29.9 0.065 0.078 54 58 64 15.6 17.8 17.8 
OS-Dct 111.1 4.22 4.69 7.41 7.4 7.5 134 2 7 17.9 0.41 0.86 31.2 0.091 0.091 58 72 58 16.7 20 20 
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M. The data for short-term shock load experiment 
Toe (filtered) (mgIL) pH ss (mgIL) TURBIDITY (NTU) NH4·N (filtered) (mg/l) P04-P (filtered) (mg/L) TEMPERATURE ('C) 
TIME Effluent Effluent Effluent Effluent Effluent Effluent Effluent 
Influent Influent Influent Influent Influent Influent Influent 
Wool Ka\dnes Wool Kaldnes Woo! Kaldnes Wool Kaldnes Wool Kaldnes Wool KaJdnes Wool Kaldnes 
11-0ct 115.78 10.24 14.09 7.08 7.72 7.79 173 12 20 40.8 1.23 3.18 42.9 115.9 24.7 67 72 70 18.2 20.2 20.4 
12-0ct 104.19 'A 12.56 7.65 7.54 7.89 142 10 19 41.9 1.19 2.56 40.3 1.17 20.8 64 86 72 18.9 20.7 20.7 
13-Qct 116.2 5.27 4.06 7.6 7.56 7.7 172 4 12 50.3 0.47 1.23 39 0.169 1.43 64 72 70 17.2 19.2 19.2 
14-0ct 116.05 4.86 6.03 7.16 7.58 7.59 211 5 11 49.9 0.' 0.85 35.1 0.13 0.182 64 70 61 15.8 17.5 17.5 
15..Qct 107.23 4.78 5.66 7.54 7.' 7.5 186 3 11 40.5 0.36 0.93 41.6 0.091 0.13 70 69 70 16.2 17.9 17.9 
16-0ct 106 4.735 4.86 7.82 7.43 7.57 81 , 11 37.8 0.34 1.02 27.3 0.078 0.117 51 67 58 16.6 19 19 
17..Qcl 113.83 4.83 4.87 7.24 7.53 7.S1 179 4 9 44.7 0.33 0.85 33.8 0.078 0.143 64 '67 69 16.1 17.4 17.4 
18·0ct 101.24 5.13 5.21 7.76 7.37 7.55 225 0 3 36.6 0.3 0.78 26 0.091 0.169 54 6' 72 15.8 18.1 18.1 
19..Qct 107.97 5.03 5.69 7.43 7.49 7.5 215 3 5 48.9 0.3 0.91 45.5 0.091 0.143 78 70 77 16.4 18.2 18.2 
20-0cl 101.26 4.42 6A 7.65 7.5 7.61 207 3 13 41.2 0.27 1.5 32.5 0.OS1 1.079 88 75 81 16.6 19 19 
N. The data for long-term shock load experiment 
Toe (filtered) (mgfl) . pH SS (mgIL) TURBIDITY (NTU) NH4-N (filtered) (mg/L) TEMPERATURE (C) 
TIME Effluent Effluent Effluent Effluent Effluent Effluent 
Influent Influent Influent Influent Influent Influent 
Wool Kaldnes Wool Kaldnes Wool KaJdnes Wool Kaldnes Wool Kaldnes Wool Kaldnes 
D1-Noy 232.54 5.71 6.03 7.08 7.28 7.51 299 1 6 23.8 0.35 1.31 96.2 0.26 12.48 16 18.2 18.1 
02-Nov 200.59 12.79 15.785 7.55 7.14 7.09 289 0 17 34.7 0.46 3.97 76.7 0.169 0.247 16 17.2 17.2 
D4-Nov 161.92 16.16 16.64 7.65 7.62 7.47 297 7 39 68.1 5.21 17.79 65 26 24.7 16.5 20.4 20A 
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06-Nov 201,75 13.65 16.88 7.67 7.34 7.23 302 8 40 53.6 3.21 14.55 71.5 16.9 18.2 15.3 19.2 19.2 
09-Nov 204.42 8.213 9.333 7.23 7.06 6.76 339 11 42 28.8 0.82 1.79 71.5 0.351 OA03 14.5 17.4 17A 
11-Nov 199.67 8A3 9.738 7.73 7.43 7 304 5 85 33.1 1.56 11.44 71.5 0.663 1.69 16 18.5 18.4 
14-Nov 138.9 7.354 7.821 8.04 7.36 6.81 302 13 141 30.6 1.07 3.58 48.1 0.338 0.416 10.6 13.1 12 
16-Nov 259.17 8.542 7.42 8 7.17 7.47 317 7 22 7.5 1.18 3.27 88.4 OA29 1.69 12.7 16.1 16.3 
18-Nov 183.55 8.996 7.27 7.76 7.06 7.76 389 1 66 37.9 0.82 13.23 65 0.312 28.6 11 17.3 17.5 
21-Nov 165A8 9A55 9.825 7.83 6.89 7.11 374 10 27 54.4 1.92 5.72 42.9 OA29 0.533 7.8 12.5 12.6 
23-Nov 205.34 9.539 10.57 7.47 6.79 7.86 300 5 20 48.5 0.76 12.81 74.1 0.923 20.8 12.5 20.3 20.5 
25-Nov 196.28 11.42 10.93 7.52 7.92 7.92 290 11 28 41.9 8.59 22.3 68.9 1.69 46.8 11.7 18.7 18.5 
28-Nov 195.49 9.65 9.32 7.77 7.96 7.28 310 9 27 36.1 2.71 3.8 68.9 35.1 3.9 8 10.2 10.3 
30-Nov 203.88 11.03 11.26 7.59 7.8 7.57 304 14 49 37.3 5.11 3.58 79.3 1.183 16.9 8.7 13.3 13.3 
02-Dec 213.86 9.33 10.01 7.53 7.97 7.88 244 15 147 49.7 2.39 13.92 71.5 48.1 31.2 12 15.4 15.5 
OS-Dec 223.52 10.65 10.07 7.67 8.13 7.96 257 19 55 81.4 3.23 3.89 66.3 16.9 23.4 11.9 14.8 14.8 
07-Dec 221.3 10.215 10.73 7.29 8.05 7.82 345 26 25 24A 19.9 3.05 81.9 35.1 32.5 10.7 14.5 14A 
09-Dec 222.65 10.9 10.21 7.68 7.96 7.91 305 36 162 74.4 33.8 6.66 53.3 42.9 49A 9.9 14 14 
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